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DISCLAIMER 
The High Temperature Test Unit (HTTU) is a prototype that was built almost entirely by 
students. The HTTU has not been inspected for safety or adherence to any codes. Before 
operating, it is your responsibility to make sure the unit is completely safe.  
 
This unit can reach extremely high temperatures, at some times in excess of 1000 degrees F. 
The unit is heavy and requires at least two people to move. There are sharp corners, pinch 
points, and the insulation can cause skin irritation and respiratory problems. Other unforeseen 
hazards may also exist. Use and/or modify this unit at your own risk. 
 
 
DELIVERY OF HARDWARE 
As of this writing (June 2013), the HTTU, control cart, and any additional hardware are located 
at the Cal Poly San Luis Obispo campus, building 197, room 110. Access to this room is 
granted through the Mustang ’60 Machine Shop. Contact Eric Pulse at 805-756-5634 or 
epulse@calpoly.edu for access.  
 
This report, along with drawings, receipts, spec sheets, and other documentation, should be 
included in a large 3-ring binder in the project room. A DVD will also be included, which contains 
are all relevant files from this team and the previous two teams. Included are this report, CAD 
files, all previous deliverables, PowerPoint presentations, the project poster, research materials, 
MATLAB and EES codes, and budget files. 
 
The helium mass spectrometer leak detector described in the testing section of this report is 
property of Lawrence Livermore National Laboratories, and has since been returned. The 
helium cylinder used for testing has also been returned to the rental facility. 
 
The HTTU is designed to be run in the engines lab in building 13. Contact Dr. Patrick Lemieux 
at 805-756-5583 or plemieux@calpoly.edu for permission to access and use this laboratory. A 
Cal Poly technician must be on hand to supervise testing of the HTTU.  
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INTRODUCTION 
The purpose of this project was to improve the existing High Temperature Filter Test Unit 
(HTTU) by optimizing performance and adding new features. These features include viewing 
ports and a camera system for observation of tests, a leak detection system, and a flame 
impingement system. Additional considerations included improving the current operation of the 
HTTU by reducing test time and energy loss. 
 
The HTTU is designed to test High Efficiency Particulate Air (HEPA) filters at temperatures up to 
1300 ˚F, creating conditions which simulate a fire in a chemical processing facility. The HTTU 
was originally built as a Cal Poly senior project in 2011-2012. A second senior project team has 
implemented a control system and a fully automated test procedure. 
 
This final report presents our solutions to the problems posed to us, including manufacturing, 
implementation, and test results. The report builds off of the project proposal, the conceptual 
design report, and the critical design report, which was presented to the staff of Lawrence 
Livermore National Laboratory (LLNL) on February 8th,2013. Design and specification 
development have been moved to Appendix C – Design Development in order to focus on the 
current design.  
BACKGROUND 
Lawrence Livermore Ceramic HEPA Filter Program 
The Ceramic HEPA Filter Program has been in progress for more than 30 years at Lawrence 
Livermore National Laboratory. The goal is to “Develop a fire resistant filter with better 
performance (e.g., heat, flame, moisture, corrosion, loading)” at high temperature. These 
“Ceramic HEPA filters should survive higher temperatures and fires better than existing 
technology” [1]. 
Previous Development of the HTTU 
Development of new filter mediums also requires development of new test methods. The HTTU 
at Cal Poly was designed and built as a senior project by Team Icarus, and completed in spring 
of 2012. Icarus was able to manually bring the HTTU to a temperature of 1000 ˚F in one hour, 
and created a pressure drop to simulate a clogged filter [2][3]. The unit is made up of several 
modules, and is reconfigurable. Additional modules could be fabricated if necessary. Blanks for 
two viewing ports have also been cut. The design as completed by Team Icarus is shown in 
Figure 1 below. 
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Figure 1. High Temperature Test Unit (HTTU) as completed by Team Icarus in June 2012. 
 
A second senior project team, CPHEPA, has implemented a control system and a data 
acquisition system that facilitates automated testing. 
 
Current HEPA Filter Test Standards 
We did a thorough investigation of existing test standards as a basis for developing tests of 
high-temperature filters. Relevant standards include, 
 
• ASTM F1471-09 -- Standard Test Method for Air Cleaning Performance of a HEPA Filter 
System 
• DOE-STD-3020 -- HEPA Filter Specifications 
• DOE-STD-3022 -- HEPA Filter Test Standard 
• DOE-STD-3025 -- HEPA QA Testing Specifications 
• UL 586 -- Safety Standard for HEPA Filters 
• UL 900 -- Safety Standard for Air Filter Units 
 
The filters being developed at Lawrence Livermore are intended to outperform current 
standards; the hottest existing tests only go up to 700 ˚F, just over half of our HTTU’s maximum 
output. 
Leak Detection Standards & Efficiency Testing 
There are two types of HEPA filter tests that must be distinguished. The first is overall efficiency 
testing, in which the overall performance of a filter can be quantified. In this test, a challenge 
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aerosol is introduced upstream of the HEPA filter. The aerosol concentration is measured both 
upstream and downstream of the filter using a Laser Aerosol Spectrometer (LAS) [4]. This 
method is detailed in ASTM F1471-09. HEPA filters must filter at least 99.97% of particles 
having diameters of 0.3 µm, as specified in DOE-STD-3020-97. 
 
The second type of test is a scan test, which is used to locate and quantify individual leaks in 
the filter media. A challenge aerosol is introduced upstream, similar to the efficiency test, while a 
funnel-shaped collector is moved across the downstream face of the filter. This collector is used 
with an aerosol photometer to count the particles leaking through the filter. An applicable 
standard for this test is IEST-RP-CCO34.1. The maximum allowable leakage at any point for a 
scan test is 0.01% of the incoming challenge aerosol. 
 
Acceptable challenge aerosols for the above standards include Di-octyl phthalate (DOP or 
DEHP) and Di-octyl sebacate (DOS or DEHS). Aerosol sizes should be between 0.1 µm and 1.0 
µm. For a single-stage filter test, a challenge concentration of 2.5 x 105 particles per cubic 
centimeter is required. The challenge aerosol needs to be well-mixed into the flow before it 
encounters the HEPA filter. Additionally, an efficiency test requires full-mixing downstream of 
the filter in order to be accurate. Recommended duct lengths to ensure mixing are on the order 
of 7.5 to 10 duct diameters; other mechanisms could also be used to mix the flow in a shorter 
distance. 
Spot Flame Tests 
The standard procedure for a spot flame test comes from the UL-586 standard. In this test, a 
gas flame from a Bunsen burner is directed against the upstream face of the filter. The flame is 
to have a blue cone 2-1/2 inches long, with a tip temperature of 1750 ± 50 °F as measured by a 
thermocouple inserted into the flame. The flame is applied for five minutes at a time, first in 
three separate locations on the filter media at least 2 inches from the filter frame, and then in 
two corners of the filter, such that it contacts the frame, filter, and sealing materials. 
Existing High Temperature Wind Tunnel Designs 
We could find no existing systems with the purpose of testing HEPA filters at the high 
temperatures specified by Lawrence Livermore. However, other systems do exist, which have 
some similarities and they are listed below. Although there are not currently any systems that 
serve exactly the same purpose as our own, there are similar testing units which we can use to 
benchmark the HTTU. 
 
• Advanced Thermal Systems CLWT-115 
o Designed to test PCB heat sinks in high temp. environments  
o Operates at up to 1000 CFM, and 185˚F 
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o Recirculating design allows for quick heat up time 
o 10.2”x4.5” test cross section  
o Integrated data acquisition  
 
• NASA Langley HTT (High Temperature Tunnel)  
o Designed to simulate high-altitude supersonic flight 
o 8’x8’ test cross section  
o Internal radiant heater provides additional heat  
o Can achieve wind speeds up to Mach 7 
 
• Mississippi State University ICET  
o Designed to test HEPA filters after manufacturing 
o Operates at 1000˚F and 1000 CFM 
o Budget of $450,000 to retrofit current tunnel 
 
High Temperature Cameras 
High temperature cameras are used in a wide variety of applications including refineries, 
foundries, power plants, or anywhere that a high temperature process needs to be monitored. 
 When designing a camera system in an extreme temperature environment, the main 
consideration is the high ambient temperature inside the operating space.  
 
Combatting the extreme ambient temperature inside of the HTTU is a much larger issue than 
that of thermal radiation.  There are essentially three approaches to using a camera in a high 
temperature environment. The first and cheapest method is to use a standard camera in 
conjunction with a high temperature camera housing.  These housings are typically stainless 
steel cylinders with a combination of thermal insulation, and active cooling (air or liquid) to keep 
the interior of the housing at an acceptable operating temperature for a standard camera. 
 Typical max operating temperatures for these units are roughly 500˚F. The second method is to 
use a high temperature furnace camera.  These cameras are designed for use with large 
furnaces or boilers, are mounted externally, and can operate in temperatures up to 3000˚F.  The 
third type of high temperature camera available to us is a borescope.  These systems use a 
bundle of fiber-optic strands surrounded by a cooling jacket to probe inside the area of interest 
while the camera remains safely outside.  Like the camera enclosure, this unit can be either air 
or liquid cooled.  Borescopes have been used intermittently at temperatures of 1000˚F, but 
sustained use at temperature is not well documented.  
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Camera Control System 
Control systems that pan and tilt are numerous and readily available. 
 
 
Figure 2. EXP-PT1730 Camera Controller including pan-tilt head, controller, and cabling. 
 
The EXP-PT1370, pictured above, is an example of a system including a pan/tilt head, 
controller, and cabling that can be purchased from AMX. Similar designs exist from competing 
companies. 
Flame Impingement Systems 
 A literature search was done regarding the flame impingement apparatus, and some qualitative 
conclusions can be drawn as follows: 
 
• Shape and size of the orifice changes the characteristics of the flame. 
• Varying oxygen ratio changes the characteristics of the flame from carbonizing to 
oxidizing [5]. 
• Natural gas and propane burn at approximately 4500 ˚F. 
• Actual fire in a facility at temperatures of 1000 ˚F melts glass and conduit [6]. Using 
exclusively stainless steel inside the unit is a good design paradigm. 
• Adiabatic flame temperatures for common fuels range between 800 ˚F and 3000 ˚F. 
 
High Temperature Viewing Ports 
Previous work exists in the area of high temperature viewports particularly for furnaces and 
boiler observation applications. 
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Figure 3. Industrial Viewports. 
OBJECTIVES 
The objectives of our project can be summarized as follows: 
 
1. Add viewing ports to the HTTU that allow observation of tests while minimizing heat loss. 
2. Install a camera system that allows remote monitoring and time-stamping of tests, with 
video recording that can be analyzed at later times. 
3. Develop a method to test filter seals for leaks at high temperatures. 
4. Implement a flame impingement or spot-flame test similar to existing standards. 
Overall Specifications 
Specification development for the various HTTU upgrades is summarized in Appendix C – 
Design Development. The general specifications for the HTTU are summarized in Table 1 
below. Compliance to specifications will be verified by testing (T), analysis (A), or inspection (I). 
Numerical design specifications for individual systems are shown in their respective sections. 
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Table 1. Overall specifications for HTTU upgrade. 
Specification Target Units Compliance Notes 
Temperature 
Tolerance 
1300 ˚F A All materials inside duct must withstand this temperature 
or greater. 
Heat Loss 17000 Btu / hr T, A Maximum Heat Loss of HTTU after upgrades. 
Weight 200 lbf T, A Maximum additional weight to be added to cart. 
Size 10 x 6 x 
3 
feet T, A Size of main unit. Instrumentation can be placed on 
additional carts. 
Service Life 100 tests T, A Minimum for all additional components. 
Maximum Power 
Usage 
480- 
60  
V (3- 
Phase)  
A  
I Power consumption should not exceed these abilities ( 
May need to add 240) 
Overall heating rate 30 ˚F / min T, A Corresponds to temperature rise of 1000 ˚F in 35 
minutes 
 
PROPOSED SOLUTIONS 
View Port 
The goal of adding a view port is to provide a visual access point for the camera system in order 
to provide a record of the tests. 
Specifications 
Table 2. Design Specifications for viewing ports. 
Specification Target Units Compliance Notes 
Dimensions 8 X 12 inches A, I Fit within the current port holes 
Refractive index 1.6 - I, A Provide visual access to the inside of 
the filter 
Horizontal distance 
upstream from filter  
4 inches I, A Provide visual access to the upstream 
filter face 
Maximum heat loss 2000 BTU/hr T, A View ports should not decrease 
system efficiency by more than 15% 
Thermal Expansion 
Temperature 
Tolerance 
60 to 
1200 
°F T, A, I Window components must not crack 
or buckle during temperature 
changes. Also seal must remain 
throughout temperature increase. 
Pressure 
Differential 
5 psi A Maximum pressure inside unit (gage) 
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Material Choice 
Properties of possible materials for the viewing ports are summarized in Table 3 below. 
 
Table 3.Properties of possible viewport materials. 
Material Pros Cons 
Fused Silica Great thermal shock resistance, good 
chemical inertness, excellent UV 
transparency 
Must be kept extremely clean at all times 
as contaminants can easily catalyze 
crystallization 
Fused Quartz Thermal shock resistance 
Great UV transparency 
Devitrifies around 2012 ˚F becoming 
opaque 
 
Mostly manufactured in tube form 
Fused Sapphire Good thermal shock resistance 
Good UV transparency 
Extremely High Cost 
High Temperature 
Ceramic Glass 
Thermal shock resistant, good 
transparency, cost effective, geometry 
Max. temperature is lower than others 
 
We have decided to pursue the high temperature ceramic glass option as it will be the most cost 
effective and comes more readily in the geometry that we need.  
Final Design 
The stacked-frame double-pane design was chosen because of the fact that it satisfies all of our 
requirements better and more completely than the other designs we explored. The option of 
purchasing a prefabricated, generic high temperature view port was explored but ultimately 
decided against because none would be ideal for our application due to temperature and 
geometry limitations. 
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Figure 4.Stacked-frame design viewports. 
 
Above in figure 4, you can see a depiction of our final design for the viewports as modeled in 
SolidWorks. This design utilizes the use of stainless steel frames that have bolt holes 
strategically placed such that the glass panes and associated gaskets can be stacked within the 
perimeter of these holes so as not to penetrate the glass with the bolt holes. This allows the 
glass and steel to have some differential movement due to thermal expansion without the glass 
being put in tension.  
 
This design was based on the same general concept of our previous leading design that we 
referred to as the C-Clamp design. The idea being that the seals on the window would be 
maintained by slight compression on a complete gasket-to-glass interface with no steel or bolts 
penetrating or interfacing with the glass at any point. This modified version solved some of the 
problems we ran into with the last design such as being able to assemble the apparatus 
separately from the unit and then easily bolting it to the unit once assembled. This allows us to 
more effectively and precisely assemble the glass-gasket components to ensure good sealing 
before attaching the windows to the unit which is a more awkward procedure. This design also 
solved the issue we had with the C-clamp design of needing some deflection in the steel in 
order to maintain a seal which was not ideal for obvious reasons. 
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Figure 5.Stacked-frame design exploded view. 
 
Above in figure 5, we can see an exploded view of the stacked-frame design which allows us to 
clearly see how this window would be assembled piece by piece. As shown, there is the original 
cover plate made of stainless steel that is assembled directly to the unit and would have a 
rectangular hole cut into the center of it. This plate fits directly onto the existing studs that are on 
the unit now. Inside this perimeter of studs would be additional holes drilled so that bolts can be 
fed from inside the unit upward as shown. These inner bolts would extend up through a middle 
frame and then up to the top frame and secured with nuts at the top. Between each frame is a 
gasket-glass-gasket medium that can be seen above.  
 
The practicality of this design was modeled as a prototype that helped us learn the behavior of 
the glass and window assembly during testing. A picture of our prototype can be seen below. 
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Figure 6.Stacked-frame design view port prototype. 
 
The process of fabricating this prototype was very helpful in shedding light on how the final 
manufacturing process would go and what methods to use. 
Camera System 
Frame Design  
The goal when designing the frame for the camera system was to create a mount which was 
highly versatile, lightweight, and easy to manufacture.  The following figure depicts the final 
design for the frame as it will be installed on the unit.  
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Figure 7. Complete Camera Mounting System 
 
There are several key points worth discussing regarding the overall design of the mount.  First, 
the entire frame is to be constructed out of aluminum t-slotted framing.  T slotted framing is both 
economical, and easy to work with; manufacturing will be limited to cutting the pieces to length, 
and assembling them using end mounted fasteners.  
 
Figure 8. T-Slotted Framing 
 
There are several other benefits in using this material to construct the mount.  In addition to the 
ease of manufacturing it provides, the framing also allows for a high degree of adjustability, and 
allows for the addition of other modules in the future.  
 
Another key feature in this design is the stand-alone nature of the mounts.  The top and side 
frames are built and mounted independently of each other, and can be removed from the unit 
and placed onto the ground without worry of tipping.   Tabs will be mounted onto the unit, which 
will allow the frames to be fixed to the HTTU using four bolts through the feet of each frame.  
Camera Selection 
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Due to the close proximity of the filter face to the camera, and the high level of detail required 
for the imaging system, an Internet Protocol camera was selected.  Internet protocol cameras 
offer several advantages over their analog counterparts. Typically IP cameras come with much 
higher resolution imaging sensors, and are much better at capturing still shots if desired.  
Another huge advantage of using an IP based camera is their ease of connectivity.  IP cameras 
can be connected via Ethernet directly to a computer, and therefore do not require any video 
converters or additional interfaces.  Software can be installed onto the computer which allows 
for control of the camera, and video recording that will be time stamped with the system time. 
The Panasonic WV-CL930, shown below, contains a 1.3 megapixel sensor which can provide 
720p video at 30 frames per second, and has 4x digital zoom.  If additional zoom is required 
there are several optional lenses which can be added.  
 
 
Figure 9 Panasonic WV-SP305 
  
 
 
 
Mount Selection 
A pan/tilt mount was selected in order to add adjustability to the camera’s position during a test.  
The Bescor MP-101 is a lightweight, economical mount that provides the range of motion 
required for camera system.  The mount can be controlled remotely, and offers a pan range of 
170˚, and tilt of 15˚ both up and down.  The mount is capable of moving in both directions at 
roughly 3.5 ˚/s. This will ensure that repositioning of the camera can be achieved quickly and 
efficiently.  
 
Figure 10 Bescor MP-101 
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Lighting System 
The lighting system will illuminate the face of the filter, allowing for a higher level of detail in the 
video output.  A lighting shroud will be integrated into the upper mount.  
 
 
Figure 11.Upper Frame with Integrated Lighting Hood 
 
The integrated shroud will house either a halogen, or LED based light, and will create a closed 
space for the lighting which will contain any reflection or glare which could potentially interfere 
with the video captured by the camera.  
Leak Detection 
The goal for a leak detection system is to both quantify and locate leaks in the filter seals. This 
must be done for both the gel type seals and the gasket type seals.  
Specifications 
The design specifications for the leak detection system are summarized in Table 4 below. 
 
Table 4. Design specifications for leak detection system. 
Specification Target Units Compliance Notes 
Helium Purity 99.995 % I Use Welding Grade Helium 
Helium Supply 
Duration 
1 hour T, A Size of helium cylinder based on 
nominal flow rate used for testing. 
Helium 
Concentration 
100-
5500 
ppm T, A Dependent on sensitivity of leak 
detector. 
Helium Flow 
Rate 
0.25 - 
10 
SCFM T, A Dependent on sensitivity of leak 
detector. Direct correspondence to 
helium concentration in ppm. 
HTTU Flow Rate 
for Leak Test 
25-250 SCFM T, A  
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Specification Target Units Compliance Notes 
Smallest 
Detectable Leak 
0.01 ACFM T, A Anything greater than this number 
constitutes a leak. Conservative 
estimate based on current allowable 
particle leak rates. Desirable to detect 
smaller leaks. 
0.07 mbar·l/s 
Leak Location 
Accuracy 
6 inch T, A Should determine if leaks occurring on 
corners or along edge of seal. 
Detector Suction 
Rate 
? SCFM I, T, A Flow rate of helium samples to helium 
detector. 
Maximum 
Accumulation 
Time 
30 second T, A Maximum allowable time for leak to 
accumulate in collector in order to detect 
leaks of desired accuracy. 
Pressure Drop 
Across Seal 
6 inH2O T, A Nominal pressure drop across filter seal 
during leak tests. 
Pressure Drop 
Accuracy 
± 0.1 inH2O T, A Accuracy of reported pressure drop 
across filter seal. Measured between 
upstream port and atmosphere. 
Time to change 
filters 
20 minutes T Time to change filter seal test module of 
the same type between tests. Does not 
include HTTU cool down time. 
Pressure on 
Filter Seal 
? psi T,A Pressure applied to filter seal interface 
when installed.  
 
Tracer Gas as a method of Leak Detection 
The concept of a tracer gas is based off existing standardized tests for HEPA filters. In these 
existing standards, aerosol particles are mixed into the flow upstream of the filter, and detected 
downstream of the filter. Since the aerosol particles themselves will not be stable at high 
temperatures, we propose using helium as an inert tracer gas instead. 
 
Tracer gases are used in industry for vacuum seal and pressure testing in a wide variety of 
applications. Testing the leakage rates of the filter seals is a natural extension of this 
methodology. A tracer gas, possibly diluted with air, is introduced on the upstream side of the 
seal. A pressure differential is created across the seal, and the gas is detected downstream of 
the seal. 
Helium as a Tracer Gas 
Helium was initially suggested as a replacement for the combustible aerosol particles that are 
used in standard test methods. Helium is a good choice of a tracer gas for the following 
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reasons: 
 
• Chemically and physically inert, non-combustible. 
• Cheap and readily available. 
• Very low content in atmospheric air (roughly 5 ppm). 
• Easily removed by pumping without contamination of system. 
• Unambiguous signal in the mass spectrum. 
• Instrumentation available that can detect leaks of very small magnitude. 
 
The use of an inert tracer gas has two disadvantages for a filter test system. First, HEPA filters 
will not filter helium or other inert gases; therefore this method of approach is only useful for 
testing leaks in the filter seals, and cannot be used for overall efficiency testing of the filter 
mediums. Second, the instrumentation used to detect helium could be quite expensive, 
particularly if a mass spectrometer is needed. 
System Overview 
The helium based system uses a collector system, mounted on the outside of the filter seal, to 
bring air through a valve manifold and into a helium detector. The proposed layout for the 
helium-based leak detection system is shown in Figure 12 below. 
 
 
Figure 12. Proposed layout for Leak Detection system. 
 
The helium is injected into the airflow upstream of the filters at (A). This ensures full mixing of 
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the helium into the airflow. The collector in the center of the page (B) has eight separate 
compartments, each connected to a valve manifold (C) which can select individual 
compartments to sample air from. The helium detector (D) has a built-in pump, and pulls air 
from the collector, through the manifold into itself, and then exhausts that air to outside the 
laboratory. 
 
An upstream collector (E) is added to the system for more precise control of the experiment. 
This measures the helium concentration in the main HTTU flow. The helium detector samples 
ambient air, and compares the helium concentration of the ambient air to the sample. 
 
A calibrated leak (F), shown at the top of the diagram, injects a known leak rate of helium into 
one of the collectors. This will be used to validate the design, by ensuring that a known helium 
concentration in the collectors can be detected. Finally, the pressure differential across the filter 
seal is measured via a pressure transducer (G). Leak rates are dependent on pressure drops, 
and therefore this differential measurement will be important information in evaluating the nature 
of leaks through the filter seals. 
Helium Accumulation and Transient Response Calculations 
In preparation for designing a helium-based leak detection system, we have done several 
calculations to determine the necessary amount of helium to inject, the leak rate in mbar·l/s to 
determine the required sensitivity of a helium detector, the helium concentration in parts per 
million, and the transient response as helium accumulates in a control volume and is extracted 
to a detector. These calculations are shown and described in detail in Appendix C on page 89. 
Collector Design 
The final design addresses concerns about the time necessary to change filter-seal test 
modules. In addition, it uses a re-designed filter-seal test module. These modules are shorter, 
eliminating unnecessary sheet metal, and making them easier to handle. The partitions are now 
welded to the modules directly, rather than as part of the collectors. The collector body itself is 
only one piece, and considerably simpler than the previous iteration. A full isometric view of the 
system is shown in Figure 13 below. 
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Figure 13. Isometric view of final collector design assembled between two duct units. 
 
Figure 14 below is a cross section shows the geometry of the collector volumes: 
 
 
Figure 14. Cross section of collector design shows geometry of collector volumes. 
 
An exploded section view in Figure 15 below helps to explain how the pieces fit together. The 
partitions, which are attached to the seal test module, are slightly inclined, so that they make full 
contact with the inner surface of the collector, providing better separation of the compartments. 
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Figure 15. Exploded section view of collector design. Filter seal test mount with welded partitions presses into 
collector to create better seals between compartments. 
 
Finally, models for the filter seal test jigs for both gel type and gasket type seals are shown 
below in Figure 1Figure 16 and Figure 17, respectively. 
 
 
Figure 16. Filter seal test-mount for blue gel type seals. 
 
Figure 17. . Filter seal test-mount for gasket type seals. 
 
Two sets of bolts on the outside of the flanges apply pressure to the filter seal in a similar 
manner to the current standard mounting system. 
Helium Detector Selection 
The helium detector itself is a critical component for the functioning of the leak detection system. 
Industrial grade leak detectors use mass spectrometers to measure helium content in air. These 
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machines can be very robust, and also very expensive. They can measure leak rates as low as 
5x10-12 mbar·l/s, which is far less than the allowable leak we have determined for the filter seals. 
These leak detectors are used for applications where a vacuum seal is necessary, and also for 
production lines where tests must be carried out very quickly and efficiently. 
 
Sniffing type leak detectors have far less accuracy, usually detecting leaks only as low as 5 x 
10-5 mbar·l/s. They have the advantages of being portable and cheaper, with many handheld 
models available. Many of the robust features of the mass-spectrometer type leak detectors are 
not necessary for this application. 
 
LACO MiniTracer 
We have selected the MiniTracer based on its low cost and portability. This instrument uses a 
thermal conductivity cell with thermistors to measure the conductivity of the sampled air and 
compare that with atmospheric air. Helium content changes the thermal conductivity, and thus 
can be detected. The unit weighs roughly 1 pound, and can run on batteries. An image of the 
main unit is below in 
Figure 18. The retail price is $1,850.  
 
 
Figure 18. Laco Minitracer main detection unit. 
 
The MiniTracer has an LED display that outputs relative leak levels. This instrument does not 
have a digital output, and thus could only be used to measure and detect leaks qualitatively. We 
should note that the design of the collector system will not be exclusive to a particular detector. 
If at a later date a more sensitive or versatile detector is required, it should be possible to install 
a new detector with a minimum of other changes. 
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Other Helium Detectors Considered 
 
Inficon T-Guard 
This unit uses a proprietary technology, and claims to measure 
helium leaks as low as 10-6 mbar·l/s. The unit weighs 10 pounds, 
and uses less than 100 W of power. Requests for quotes had 
not received replies as of this writing. A photo is shown in Figure 
19 at right. 
Inficon P3000 
The P3000 uses a proprietary detection technology, and costs 
$18,250. 
Agilent PHD-4 
This instrument uses a quartz capillary tube technology, and can detect concentrations as low 
as 10 ppm. Price is in excess of $10,000. 
 
Varian VS C15 
Mass spectrometer based leak detector, measures leaks 
as low as 10-10 mbar·l/s. This unit weighs 20 pounds, and 
is relatively compact for a mass spectrometer. It comes 
with an optional display. The VS C15 is pictured in 
Figure 20 below. Price is in excess of $20,000. 
 
Other Components 
With reference to the system layout in Figure 12 above, 
the leak detection system will need the following additional components. Most of these are 
shown in the revised budget, which is appended. 
 
1. Helium Supply. Most helium leak detection systems use welding grade helium which 
has a purity of 99.995%. Helium cylinders can be purchased or rented from local 
suppliers. Cylinders come in a variety of sizes, and a tank should be chosen such that 
the leak detection system can run for a minimum of 1 hour before a new cylinder needs 
to be attached. 
 
2. Helium Supply Lines, Flow Control, and Fittings. This includes a T-joint for 
introducing the helium supply into the manifold upstream of the heaters, a flow regulator 
for the helium, and a welding hose. 
 
 
Figure 19. Inficon T-Guard Leak 
Detector. 
 
Figure 20. Varian VS C15 Mass-
Spectrometer based leak detector. 
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3. Calibrated Leak. Introduces a precise helium flow rate into one of the collectors. This is 
used to validate the design and ensure that the detector functions as expected. The 
calibrated leak test can be run at high temperature with no helium injected into the HTTU 
main flow. 
 
4. Valve Manifold. The collector design calls for eight separate collector compartments 
which the manifold can switch between as it sends the accumulated air to the helium 
detector. The manifold will need at least one additional port for the upstream (control) 
collector. The use of solenoid valves is recommended, as this allows remote switching of 
the manifold. Remote switching allows the manifold to be placed closer to the HTTU 
duct, thus reducing the number and complexity of the tubes feeding into the manifold. 
The solenoid valves will meet the system electrical requirements, and could be 
controlled either via a manual switchboard or via the control system. 
 
5. Collector Tubes and Fittings. Use of ¼” stainless steel tubing to bring hot air from the 
collector to the manifold is preferred. Other materials can be considered as long as the 
meet temperature requirements. High pressures are not expected within the tubes and 
fittings. 
 
6. Differential Pressure Gage. A pressure gage is required to measure the pressure 
differential between upstream of the filter seal and the atmosphere.  The nominal 
pressure is 6 inH20, and a resolution of 0.1 inH20 is ideal for reporting the leak rate as a 
function of the pressure differential. The pressure gage can be installed in an existing 
instrumentation port upstream of the filter, and should interface with the DAQ. 
 
7. Quick Release Flange Fittings. The current setup requires removing the insulation, 
unbolting two of the HTTU modules (a total of 20 bolts), pulling them apart, changing the 
filter, and re-installing the bolts and insulation. This process is time consuming and 
tedious. If we use quick-release latches in place of bolts, and place them such that no 
insulation needs to be removed, the time to change a filter module could be reduced 
significantly.  
 
8. Alternate Gasket Material. The current Grafoil gasket provides an adequate seal, but is 
not designed for repeated installations. Our current experience with removing Grafoil 
gaskets shows that the gasket material will stick to the flanges, and needs to be 
manually cleaned off and then replaced, costing valuable time and money. 
 
  
 Final Senior Project Report 
Revised 6/12/2013 
Page 23  
 
 
 
Flame Impingement 
Goal 
The goal of the flame impingement apparatus is to test the response of a HEPA Filter to an 
"ember" - like flame. 
Specifications 
Table 5. Design specifications for flame impingement system. 
Specification Target Units Compliance Notes 
Temperature of 
application  
1750 °F T ± 50 °F 
Application area 0.5 to 
1.0 
inch2  T In Upper (or Lower) Half of filter 
face because of Pitot Tube 
placement. Changed 11/20/12 
Energy Liberated 24000 Btu/hr T,A ±5% 
Horizontal (X) Range of 
Motion 
12 inch T, A, I Full width of duct, access to filter 
seals. 
Vertical (Y) Range of 
Motion 
6 inch T, A, I Half height of duct, access to filter 
seals. 
Fore-Aft (Z) Range of 
Motion 
1 inch T, A, I Distance from filter face, 
adjustable only by hand with unit 
cooled off. 
X-Y position accuracy ± 0.5 inch T, A  
Z- position accuracy ± 0.5 inch T, A Distance from filter face 
Torch Movement Rate 
 
0.5 inch / 
sec 
T Minimum speed of torch 
Torch time 5 minute T Duration that torch maintains 
flame temperature. 
Maximum Cross 
Sectional Area of Torch 
+ Mechanism 
10 in2 T, I Flame test mechanism should not 
significantly impair or disrupt 
HTTU flow. 
Minimum Gas Pressure 45 psi I Minimum cylinder pressure, for 
safety considerations. 
 
Notes on Specifications: We changed BTU Output from 4000BTU /min to 24000BTU/hr. Upon 
further investigation, our original Specification was realized to produce a flame of several feet 
long. The new specification of 24000 BTU/hr is on the order of magnitude of energy liberated 
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from a gas stove. This is far more representative of the “ember” like flame we are trying to 
produce. 
The Design 
The Method of approach for implementing the torch system design is to generate flame with gas 
torch. Move torch via outside the HTTU to impinge flare on desired surface The Torch system is 
broken into three subsystems. The motion mechanism consists of two linear actuators to give 
the radial and angular motion in and out of the HTTU. The gas system is propane based. The 
electrical system is a high temp igniter and wiring for inside the HTTU. 
 
 
Figure 21: Torch System 
 
 
Figure 22: The Motion system 
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For the motion system it is desired to move the torch in and out of the unit in the direction of the 
yellow arrow and around the long axis of the HTTU in the direction of the red arrow as seen in 
the Figure 22. 
 
The in and out motion of the yellow arrow is achieved by the horizontal actuator seen in the 
figure below. The actuator is attached to the gas pipe by U bolts as seen in the . In this design 
the pipe is both structural and fluid carrying. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The angular motion, shown by the red arrow, is achieved by the motion of the vertical slide 
actuator. A flange hinge is mounted to the carriage of vertical actuator. As seen in, the flange 
hinge is then attached to the in/out actuator. The combination of the motion of the vertical 
actuator and the moment caused by the placement of the gas pipe in the wall of the unit causes 
the desired rotational motion.  
Figure 23: Actuator causes desired motion 
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Figure 24: The Vertical Actuator creates the rotational motion 
 
The control system consists of a premade 4 channel control system. The controllers are 
operated by remote switches seen in Figure 25 . This system enables control of both actuators 
from one platform. The operator can use these and visual access provided by the camera to 
position the torch as desired 
 
 
Figure 25: Controllers 
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The component parts can be viewed in Appendix E—Hardware & Spec Sheets, and links to 
their source sites can be accessed from the budget on page. 
 
 
Figure 26: Gas System 
 
The Gas system delivers propane to the torch tip and the inside of the unit.  
Starting from the torch tip and moving inside the unit, the components are as follows: 
• Bend and Stay Line 
• Adapter 
• Rigid Pipe 
• Flame Arrestor 
• Flexible Line 
• Pressure Regulator 
• Fittings 
• Tank 
 
The bend and stay line allows the operator to reposition the torch tip in between tests allowing 
full access to the entire surface face. 
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The Electrical system consists of a high temperature igniter, wire for inside the HTTU rated to 
high temperatures, standard wiring for outside the unit, a switch for the operator and a power 
source. Again see Appendix E—Hardware & Spec Sheets for component details and budget for 
internet links.  
Figure 27: The Electric System 
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MANUFACTURING AND FINAL DESIGN 
Manufacturing and was done in the spring quarter of the 2013 academic year. This section 
details the implementation of the above designs along with the minor design revisions that 
became necessary as the team’s understanding of the design space evolved. 
Viewing Ports 
Steel Frames 
The first steps of the manufacturing process went into marking, cutting, drilling, and grinding our 
stainless steel frames into the exact shapes we needed them for our design. This may very well 
have been the most time consuming part of the entire manufacturing process for the viewport 
portion of the project.  
 
Each frame started out as a 
rectangular stainless steel plate. 
These needed to have a 10” X 6” 
rectangular hole cut out of the center 
of them, as well as ten ¼-20” holes 
drilled around the  rectangular hole ½ 
inch away from it for the glass-gasket-
steel stack assembly. The larger plates 
that go at the bottom of each assembly 
are to be ultimately assembled to the 
HTTU itself onto the semi-permanent 
threaded studs that surround each 
viewport cutout. This means that, in 
addition to the ten holes described 
above, each of these two plates 
needed to have 24 additional holes drilled in an outer circumference around the first set of ten 
holes. In totality, there were 4 steel frames (two for each window assembly) that only had the 
ten holes drilled and two frames (one for each window assembly) that had a total of 34 holes 
drilled in them. Finally, each of these frames was smoothed out using a grinder to get rid of all 
the burrs and slivers left behind in the cutting and drilling process. In addition, each frame 
needed to be hot worked in order to flatten them out. This was because in the plasma cutting 
process, the frames had become warped. Warped frames presented a possible issue for us as 
they would create complications to the sealing of the frame. Fortunately, we were able to 
successfully flatten each frame to satisfaction. 
 
Figure 28. Front Steel Frame of the Side Viewport 
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Glass and Gaskets 
Assembling the high temperature rope gaskets to the glass was tricky. The biggest complication 
to it was the cement. The cement needed to be carefully applied so as not to get unnecessary 
cement blotches on the glass in areas that would serve as the actual window portion. Then, the 
flat part of the rope gasket would be pressed onto the glass where the cement had been 
applied. It proved very useful to get several small paintbrushes to apply the cement with. Since 
the cement did not hold well until fully dried, which took over 30 hours, the gasket and glass 
would then need to be clamped together. We used a series of c-clamps to accomplish this. In 
addition, before the rope gasket could be assembled to the glass, the portions that would serve 
as the corner of the gasket would need to be cut precisely such that the gasket could be bent in 
a 90 degree angle without creating uneven surfaces on either side of the glass. 
 
 
Figure 29.Glass and Gasket Assembly example. 
 
In figure 30, we can see an example of the glass gasket assembly process that we followed. 
Note that in this example the gasket already has an adhesive on the flat portion while ours 
needed to be cemented. 
Glass-Gasket to Steel 
Once the glass-gasket assemblies had dried sufficiently we were able to unclamp them and 
assemble them with the steel frames in the final assembly process before finally attaching the 
assembly to the HTTU. To do this, we applied cement to the rope gaskets and then firmly 
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pressed them against the steel plates and frames. We then put our bolts through the drilled bolt 
holes and evenly tightened down the nuts. This step needed to be done with care so as not to 
apply too much compressive force to the glass. This obviously could result in cracking of the 
glass if done improperly. Once each assembly was put together in this fashion, they were 
allowed to sit and dry for several hours. 
Final Assembly 
After each viewport assembly had been allowed to dry, we simple place them onto the threaded 
studs attached to the HTTU and screwed on the nuts. We made sure to carefully apply anti-
corrosive paste to each of these studs as well as each of the bolts used in the window assembly 
to preserve the threads and make for easier removal of the windows. 
 
 
Figure 30. Final assembly of the viewports onto the HTTU 
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Figure 31. Stacked Frame Final Design Completed and Assembled 
 
In figure 7, the completed design can be seen. This design accomplished the goals for this part 
of the project and held up to the specifications laid out for it. Overall, we feel that this is the 
design that has successfully solved the problem presented of installing effective view ports onto 
the HTTU. This design has the advantages of accounting for thermal expansion differential 
between the glass and the stainless steel, it has multiple pane capabilities to allow for great 
thermal insulation to maintain the thermal efficiency of the unit, it is an ideal geometry for being 
able to view the filter face and the torch system during a test and to allow visual access for our 
camera systems, and it allows us to be more efficient in assembling and disassembling the 
window from the unit.  
Next Steps 
As of now, the windows are fully functional and held up during a few tests (see test results 
below). Moving forward from here, one area that could be improved upon would be the 
removability of the glass panes from the intermediate steel from that creates the air gap. As will 
 Final Senior Project Report 
Revised 6/12/2013 
Page 33  
 
 
be discussed in the testing section below, the windows could benefit from easier access to the 
air gap part of the glass for occasional cleaning. 
Camera System 
Assembly of Frame 
The first step in fabricating mounts for the cameras was to manufacture the bracket which 
mounts the upper camera frame to the body of the HTTU.  The brackets were fabricated using 
12 gauge steel, and were bent using the sheet metal bender found in the BREA fabrication 
shop.  The height of the mounting brackets was designed such that the upper camera frame 
would sit above insulation which allows for easy removal.  After bending the sheet metal, holes 
were drilled which allowed the brackets to be bolted onto the unit using the existing flange 
mount bolts; additional holes were drilled to allow the T-Slotted framing to bolt to the brackets.  
Images of the installed brackets can be seen below in Figure 32. 
 
 
Figure 32: Mount Brackets Installed on Unit 
 
After fabricating and installing the mounting brackets, the next step was to cut the T-slotted 
framing stock to pre-specified lengths. The goal in constructing the frames was to allow for a 
high degree of adjustability while still maintaining structural integrity.  After cutting the bar stock 
to length, assembly was completed using various brackets and months specifically designed for 
use with T-slotted framing.  
 
Due to a misinterpretation of McMaster specifications, the round aluminum bar stock was too 
large in diameters to slide into the pipe clamps; this required the pipe clamp openings to be 
bored to a larger diameter using a mill and bore tool.  Once the proper clearance was achieved, 
the aluminum rods were able to properly adjust as designed.  
Fabrication of Interface Plate 
In order to mount the Bescor pan/tilt mounts (and the attached cameras)  to the framing system, 
it was necessary to fabricate an interface plate that accepted a single ¼-20 tapped hole on 
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center, and two additional ¼-20 tapped holes spaced 1 ¾ inches apart (on the centerline).  In 
order to accomplish this, two ½ inch thick by 3 inch diameter pieces of aluminum stock were 
used.  After using a mill to face each side of the plates to ensure a uniform mounting surface, 
the aforementioned holes were drilled and tapped. 
 
 
Figure 33: Installed Interface Plate 
Final Assembly  
After completing fabrication of the mounting brackets, interface plates, and cutting the bar stock 
to length final assembly of the camera month system was simply a matter of bolting everything 
together using ¼-20 nuts, bolts, and end-feed fasteners (for the t-slotted framing).  
 
Additionally, the LED lighting system was mounting during final assembly of the framing system.  
Due to space limitations, it was necessary to use two small high output lights instead of one.  
The lights are wired together, but could eventually be wired independently.   Each of the lights 
are mounting using nuts and bolts in front of the camera, and feature adjustable mounts so that 
the angle of light can be adjusted if needed.  
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Figure 34: Final Assembly of Upper (left) and Side (right) Camera 
Recording Network Setup  
The use of internet protocol security cameras makes setting up and recording video and static 
images fairly straightforward.  The following components are required in order to properly 
configure the two Panasonic WV-CP305 cameras used in this design.  
 
1) IP Cameras: Panasonic WV-CP305 
2) Ethernet Cables x 5 
3) PoE (Power over Ethernet) injectors  
4) Network Router 
5) Panasonic Supplied Software 
6) Computer Operating on Windows XP or 7  
 
 The basic layout for the camera network is shown below:   
 
 
Figure 35: Network Set Up For Internet Protocol Cameras 
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Both live viewing and recording require the installation of the software included with the 
cameras.  Detailed instructions on Panasonic network camera setup can be find in the WV-
CP305 instruction manual.  
 
Next Steps 
In future iterations of this design, it will be necessary to determine the optimal locations for each 
camera and light depending on the testing scenario. The angle at which the upper camera 
addresses the viewing port may also need to be increased to improve the camera’s view. 
 
Leak Detection System 
The overall layout of the leak detection system can be referenced in Figure 12 on page 16 of 
this report. The pages following this detail the fabrication and implementation of this system. A 
complete set of drawings is included both in the digital files that accompany this report, as well 
as the 3-ring binder in the project room at Cal Poly. 
 
See page 72 in Appendix C for the concept development and previous approaches considered, 
and the proposed solution begging on page 14, which was presented at the critical design 
review, for details of design development and the justification for the current system. 
 
Change of Leak Detector 
After some deliberation, it was determined that the originally 
specified leak detector, the LACO MiniTracer, would not be 
adequate to locate leaks within the given constraints. 
Concerns cited were that the internal pump would not be 
strong enough, the detection method would not be accurate 
enough, and that the means of detection (thermal conductivity 
changes) could be affected by outside factors, such as 
humidity. A detailed account of this reasoning is included in 
Appendix D, beginning on page 94. 
 
A Varian 979 Helium Mass-Spectrometer Leak Detector 
(Figure 36) was used in lieu of the originally proposed system. 
This detector is sensitive down to 10-12 atm-cc/sec, and 
included a strong enough pump to move the air from the 
HTTU to the detection chamber. A needle valve was used on 
 
Figure 36. Varian 979 Helium Mass-
Spectrometer Leak Detector. 
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this system to control the test port pressure. 
 
 
The Varian 979 demonstrated adequate ability to detect leaks, as discussed in the testing 
section beginning on page 46. 
Collectors and Seal Test Jigs 
Sheet metal for the collectors and seal test jigs was purchased from B&B Steel and Supply in 
Santa Maria, and most of the initial cuts and bends took place in the BRAE shop at Cal Poly. 
The flanges for the test jigs were cut from 2” x ¼” stainless steel bar stock. These three main 
components were TIG welded in the Hangar at Cal Poly. Some photos of this process are 
shown in Figure 37, Figure 38, and Figure 39 below. 
 
 
Figure 37. Welding setup for gel seal test jig. 
 
 
Figure 38. Gasket seal test jig fits within collectors with a 
small clearance around the outside. 
 
 
Figure 39. Left to right: Gasket seal test jig, collectors, gel seal test jig, in process of being welded. 
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Partitions 
The partitions were originally cut and installed as 20-gauge steel, but 
this was found to be too stiff to push the test jigs and the collectors 
together. These were replaced with much thinner partitions, but the 
installation and operation were still problematic. For one, welding this 
extremely thin steel to the thicker collector walls was difficult to do 
effectively. Secondly, these partitions are quick to undergo yielding, 
and do not remain flat or create a good seal. Finally, the area on the 
upstream side of the partitions is not well sealed, as the partitions do 
not go all the way up to the seal interface.  
 
This is a part of the system that does not function as intended, and 
may need to be re-imagined in the future. 
Gel Seal 
The blue gel seal was poured in the seal test jig, and 
this configuration is currently installed in the unit. Some 
notes on the blue gel mixture used: 
 
• Mixture is a 1:1 ratio. 
• Need roughly 13 oz. total per gel seal; there is 
enough mixture for 3 more seals. 
• A perfect 1:1 ratio may not have been achieved, 
and the gel seal is somewhat sticky. 
• Ensure that the channel in which the seal is to 
be poured is free of holes. 
Seal Test Jig Clamping System 
The purpose of the seal test jig clamps is to facilitate easy removal and replacement of the seal 
test jigs. There are eight of these clamps around the perimeter, which are attached with welded 
and threaded tabs. Photos of this setup are shown in Figure 42 below. 
 
 
Figure 40. Partitions on the 
inside of the collector. 
 
 
Figure 41. Blue Gel seal as poured into seal 
test jig. 
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Figure 42. Left to right: Threaded and cut tab ready to be welding to downstream HTTU module; De-Sta-Co 325 
toggle clamp installed; clamp configuration. 
 
Once the test jigs were initially positioned in the HTTU, holes were tapped on their perimeter, 
and bolts were inserted which help to position the test jigs as they are installed.  
Main Leak Clamping System 
For custom-mounted latch clamps (DeStaCo 345) were mounted on the sides of the upstream 
section of the HTTU. These clamps hold the upstream and downstream sections of the HTTU 
together and also allow for quick access to the inside of the unit to change the filter seal test 
jigs. The clamps are shown open in Figure 43 below. Figure 44 shows the unit with the clamps 
closed, as well as the custom welding brackets which were fabricated specifically for this 
application. 
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Figure 43. HTTU with module clamps open, allowing access 
between upstream and downstream sections. 
 
 
Figure 44. HTTU with module clamps 
closed, applying pressure to the filter 
seal similar to the original filter 
mounting mechanism. 
Wheels and Handles on Downstream Module 
To facilitate easy opening and closing of the unit, wheels were installed as the supports for the 
downstream HTTU module (Figure 45). These sets of wheels are designed to function within the 
strut channel that the unit is mounted on. The wheels are positioned such that the height of the 
downstream module matches that of the rest of the HTTU, and so that the seal test jigs slide 
smoothly into the collector. Handles were installed on the downstream end of the HTTU so that 
the operators can easily pull the modules apart (Figure 46). 
 
 
  
 
Figure 45. Wheels on downstream module allow easy opening 
and closing of HTTU. 
 
Figure 46. Handles on the downstream end of 
the HTTU allow the module to be easily 
separated from the collectors. 
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Helium Interface on Main Air Manifold 
Helium is injected into the HTTU 
upstream of the torches in the main air 
manifold as shown in Figure 47 to the 
right. A ball valve allows the manifold to 
remain sealed when the leak system is 
not in use. The green hose is 25’ in 
length, and connects to the outlet of the 
flow regulator. 
 
 
Helium and Propane Tank Mounting 
The helium cylinder and propane cylinder (for flame impingement) were 
both mounted on the control cart using strut channel and cylinder wall 
mounting hardware. This is pictured in Figure 48 at left. This configuration 
allows for easier transport of the system from its storage room in 
Bonderson 110 to the engines lab. The helium cylinder has since been 
returned, but a size 60 or larger cylinder will fit in this location. 
Solenoid Valve Manifold 
The solenoid valve 
manifold was assembled 
from the create-a-manifold 
solenoid valves, and 
attached to the electronics box on the back of the 
unit as shown in Figure 49 at right. 
 
The manifold is connected to the collectors with 
¼” ID high temperature silicon tubing. Brass 
barbed fittings are used on the manifold, and 
stainless barbed fittings are used on the 
collectors.  
 
See Figure 51 on the following page for the 
numbering scheme related to the valve manifold. 
 
 
 
 
Figure 47. 
Helium 
interface to 
HTTU. 
 
 
Figure 48. Helium and 
Propane tanks 
mounted on control 
cart using strut 
channel. 
 
 
Figure 49. 
Valve 
manifold for 
leak detection 
system as 
installed in 
the HTTU. 
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Valve Manifold Control Box 
The body of the control box for the valve manifold was fabricated 
from 20 gauge stainless steel, using a shear, finger break, and hole 
punch. The outside was finished via sand blasting. Electronics for 
the box included a 1-Amp fuse, a single-pole single-throw switch for 
each valve, and an illuminated rocker switch for the main power. 
The box, pictured in Figure 50 at left, plugs into a standard 120 VAC 
wall outlet and supplies power to all ten solenoid valves through the 
green multi-conductor cable which can be unplugged at the unit.  
 
The numbering of the individual test areas around the perimeter of 
the seal is shown in Figure 51 below. Beginning from the upper right, if the observer looks 
upstream at the unit, the areas around the filter seal are numbered 1-8. Ports 9 and 10 are for 
the upstream and atmospheric concentration, respectively. 
 
 
 
 
Figure 51. Numbering 
scheme for leak 
detection valve 
manifold. The 
individual areas 
around the filter seal 
are numbered 1-8, 
moving clockwise 
from the upper left if 
the user is looking 
upstream. Ports 9 
and 10 are for 
upstream and 
atmospheric 
concentration, 
respectively. 
 
  
 
Figure 50. Valve manifold 
control box. 
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Flame Impingement System 
Gas System 
The gas system was assembled using the parts listed in Table 1 and can be seen in Figure 52. 
 
 
Figure 52: Gas System uses propane to supply the fuel for the flame test. 
 
Table 6: Parts in Gas System listed from upstream to down stream 
Number Part 
1 Propane Tank 
2 Pressure Regulator 
3 Flashback Arrestor 
4 Fuel Line 
5 Adaptor 
6 Check Valve 
7 U Bend (female) 
8 Rigid Steel Pipe 20 in (male) 
9 U bend (Female) 
10 Internal Rigid steel pipe 
11 Converging Pipe exit  section 
 
Motion System 
Electronics Side 
The actuators are controlled with the Firgelli pre-made controller. They are operated with the 
remote control. To move one actuator up and down, the operator presses the top two buttons. 
And to move the second actuator, the operator presses the bottom two buttons. The actuator 
controller is powered by a 6 V power adapter that is housed in the control box. 
Mechanical Side 
Two actuators were purchased from Firgelli and mounted to the HTTU cart via brackets. The 
brackets were manufactured in the Mustang ’60 machine shop here at Cal Poly.  
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Modifications to Unit and Mounting 
For the torch to access the inside of the unit, it was necessary to bore a hole in the side of the 
HTTU. This was done with a 1.75 inch hole-saw. ¼ in hole were drilled to mount the bearing 
housing. 
 
The bearing consisted of a cylindrical brass piece mounted in an aluminum frame as seen in 
Figure 53. This was made by cutting the brass insert to length, and drilling a 9/16 in hole in it. 
Four pieces of aluminum were cut. The outer two pieces (right and left) were cut with a band 
saw and faced to be square on a mill. The middle two pieces were made by first cutting a 3 in 
piece of aluminum with a hole-saw and then band sawing off the excess. The four pieces were 
then clamped together. To long holes were drilled through them lengthwise. Threaded steel rods 
were then used, along with locknuts to hold the assembly together.  
 
 
Figure 53: Flange Mounted Rotational Bearing 
 
Once the piece was made, holes were drilled in the corners through which to mount the bearing 
housing to the unit. The piece was installed in the unit wall as seen in Figure 54. 
 
 
Figure 54: Bearing and Housing finally mounted to the Unit 
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Ignition System 
The ignition system includes a high temperature igniter made by Crystal Technica, high 
temperature wire from Daburn Electronics, a pipe nipple to allow access of the wiring to the unit, 
low temperature wire, pair of one ohm resistors to give the correct voltage across the igniter, 
throw switch, and throw switch box housing. The high temperature wire was glued into the pipe 
nipple with Autostic high temperature cement that was originally purchased for the viewports. 
The nipple was then threaded into the existing access ports on the torch side of the unit. The 
wire runs from the nipple to several feet from the unit where it is joined via a butt splice to 
standard 18 gauge wire. This runs through the throw switch (such that the operator can turn on 
the torch) and then to the 12 v dc power supply in the control box on the HTTU. 
Final Assembly 
The final assembly consisted of the gas system to deliver gas to the filter face, the ignition 
system clamped to the pipe outlet via a pipe clamp to ignite the gas, and the motion system to 
position the flame on the torch face. See Figure 55 for pictures of the full torch assembly. 
 
 
Figure 55: The Assembled Torch 
Left: The two actuator mounted perpendicular to each other 
move the position of the torch. Propane gas enters through 
the red gas line. 
Bottom Right:  Inside the HTTU, the igniter is mounted to 
the torch nozzle using a pipe clamp. 
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TESTING 
Tests of the HTTU system occurred on February 1st, May 8th, May 22nd, and May 24th of 2013. 
Safety procedures for testing are given in Appendix F, page 131. These may not be complete or 
comprehensive. 
Viewing Ports 
The final design of the viewing ports were actually only tested once on the unit itself during a full 
hot test. There were a few complications, but overall, the performance of the viewing ports stood 
up to the tests and proved to be functional to the standards laid out at the beginning of the 
design process. 
Test Objectives 
In testing the viewing ports, there were a few key elements we were looking for namely 
reasonable temperature of the outer surface of the glass, good visibility into the unit, and 
resistance to failure in the high temperatures. 
Procedure 
In order to test the temperature just outside of the outer glass panes, we assembled a small 
rectangular piece of steel about 1 inch from the glass. We then attached thermocouples to this 
piece of steel in order to measure the temperature during the test. This allowed us to get 
accurate readings of the temperature just outside of the glass during the test while still 
maintaining a safe distance from the unit. 
 
As for testing the visibility of the windows, visual inspection was used to make sure that a 
sufficient area of the filter face could, in fact, be seen from the outside of the unit. We also 
hooked up the camera system and lighting to take so video data in order to assess the visibility 
of the windows.  
 
Lastly, in testing the durability of the viewing ports at high temperatures, we first did a few proof 
of concept tests using a prototype assembly. This prototype was created using the exact same 
materials that the final design was manufactured from. We placed this prototype into a high 
temperature oven in the aero hangar here on campus and heated it to 1000 degrees Fahrenheit 
for approximately 45 minutes. After the assembly cooled, the glass was inspected for cracks 
and the gasket and cement interfaces were inspected for signs of failure. After installation, the 
final design was tested at temperature on the HTTU. This procedure simply involved running a 
hot test as done before and visually inspecting the viewing ports for signs of failure. 
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Results 
In testing the temperature just outside the outer window, we were unable to get multiple data 
points due to complications with our control system. However, we did manage to find that the 
temperature of our thermocouple plate reached a temperature of 102.6 degrees Fahrenheit with 
a filter face temperature of 800 degrees Fahrenheit. 
 
Visibility tests went well with the exception of one minor complication. During the test, the high 
temperature cement presented a couple issues which we will discuss in the next section.  
Overall, the visibility of the windows was satisfactory and the camera systems had no problems 
collecting video data on the areas of the filter face that we wanted. 
 
 
Figure 56. Camera video still frame of flame test taken through the top viewing port. 
 
Finally, as for the results of the durability tests, the assemblies held up to all the tests we ran at 
full temperature and in the ovens without cracking of the glass or compromise of the gasket-
cement seals. 
Discussion 
The reasoning behind testing the outer temperature of the viewing ports was primarily to ensure 
that the camera systems, with a maximum operating temperature of just over 120 degrees 
Fahrenheit, would not be in danger of over-heating. Our tests show that even if the camera 
system was to be place directly in front of the window up to 1 inch away from the glass, it would 
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still have a buffer of about ten degrees. Furthermore, the camera systems are actually a few 
inches offset from the window keeping it out of the direct radiation and they are suspended 
around 6 to 10 inches away from the unit. Therefore, we can conclude that the camera systems 
are not in danger of over-heating during the test due to the heat coming through the viewing 
ports. 
 
Visibility testing proved that our windows were up to par. As we can see from figure 53, the 
inside of the unit is easily seen and recorded with our camera system. While running the unit to 
full temperature during the first hot test performed with the viewing ports fully assembled to the 
unit, we ran into a couple issues. 
 
First, the cement seemed to go through a type of curing process when heated up to such high 
temperatures so rapidly. Although the cement was rated for temperatures well above our 
operating temperature, it gave off a very bad smell that could possibly be toxic. To prevent this 
in the future, the window assembly should be baked in an oven before installation to a few 
intermediate temperatures before installation and operation at full temperature. When doing this, 
the operators of the oven and anyone in the area should use the appropriate air filter masks and 
supply the room with sufficient ventilation.  
 
The other issue, which deals more with functionality, is that during this curing process, the 
cement also seemed to be secreting an orange liquid byproduct which seeped into the 
insulating air gaps of each assembly. This decreased visibility slightly as well as lowered overall 
aesthetics of the windows. To solve this problem, the assembly could be made so that there 
would be no cement between the middle air gap separating section and the gaskets attached to 
each of the glass panes. This would allow for easy disassembly of the viewports such that one 
could clean the glass in the air gap sections. The problem with doing this is the risk that we 
sacrifice an airtight seal on the air gap and, as a result, the insulation becomes less effective. 
Despite these minor hitches, we feel that testing performed on the unit proved our design to be 
up to the standards and specifications that we laid out during the design process and will prove 
to be useful and functional during testing in the future. 
Camera System 
The camera system was tested on three occasions: an in initial hardware test, a hot test, and a 
cold flame test.  
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Procedure 
A hardware test was performed once all of the necessary components arrived to ensure that 
everything interfaced properly.  After verifying that the system was operational, one of the 
cameras was set up at a safe distance from the unit during a hot test to verify that interference 
due to infrared radiation was not an issue.  Finally, the upper camera was used to record a 
flame test with cold flow through the unit.  
Results 
The cameras were able to successfully record the area of the filter face during a test and the 
picture quality was very good.  Although our hot test did not run up to 1000 degrees, there did 
not appear to be any interference due to stray infrared radiation through the viewports during 
our testing.  Both lights are powerful enough to illuminate the inside of the unit, but each light 
casts a shadow due to their location relative to the viewports.  A ten minute video of a cold 
flame test was captured and will be burned to a DVD.  
Additional Notes  
It was apparent during testing that reflections from overhead lights create a considerable 
obstruction in the view of the camera. It would be advisable to either turn any lights off which are 
over the unit, or construct a shade to block overhead lights.  Also, while the current system is 
capable of capturing both video and still shots, the system would be much more user friendly if 
incorporated Into a unified control system for the unit.  
Leak Detection System 
The leak detection system was tested twice, both times using the gasket-seal test jig (Figure 17) 
at ambient temperatures. The testing was limited due to the available helium supply and issues 
with the control system. 
Procedure 
For each test, the ambient temperature, filter face temperature, and pressure drop across the 
filter face were recorded once the rest of the HTTU was running. The Varian 979 was switched 
on, calibrated, zeroed, and put in sniffer mode. The valve on the helium tank was opened, and 
adjusted until the flow meter read 120 ft3/hr. Helium leak rates were tested beginning with the 
atmospheric port on the manifold (10), followed by the upstream port (9), the ports 
corresponding to the areas around the seal (1-8), and then again with the upstream port (9), and 
finally with atmosphere (10).  
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Results  
The results of these tests are shown in Table 7. 
 
Table 7. Test data for two leak system tests. 
  TEST #1 TEST #2 
Ambient Temperature (˚F) 72.4 72 
Filter Face Temperature (˚F) 58 50 
Helium Flow Rate (ft3/hr) 120 120 
Pressure Across Filter 
(inH20) 0.2 0.2 
Test Port Pressure (torr) 760.00 1.50 
Start Time 12:00:00 PM 10:49:00 AM 
Channel Leak Rate (atm-cc/sec) 
Atmosphere 10 2.26E-02 8.00E-07 
Upstream 9 8.03E-01 1.30E+00 
  1 3.98E+00 4.20E-01 
  2 1.45E+01 3.00E-01 
  3 2.23E+01 1.00E+00 
  4 4.39E+01 1.00E+00 
  5 3.00E+01 1.00E+00 
  6 4.00E+01 7.40E-01 
  7 4.00E+01 4.00E-01 
  8 4.00E+01 3.00E-01 
Upstream 9 9.40E+01 1.10E+00 
Atmosphere 10 2.30E+01 1.50E-04 
End Time 12:06:00 PM 11:00:00 AM 
Atm. post vent 10 5.00E-01   
Upstr. post vent 9 5.00E-02   
Averages 9 4.74E+01 1.20E+00 
10 7.84E+00 7.54E-05 
 
 
Results from these tests are displayed graphically in Figure 57 and Figure 58 below. Data from 
ports 9 and 10 are averaged in the plots. 
 Final Senior Project Report 
Revised 6/12/2013 
Page 51  
 
 
 
 
Figure 57. 
Graphical 
representation 
of leak rate 
data for first 
test. During 
this first run, 
not enough 
time was 
allowed 
between areas 
to for system 
to clear. 
Inability to 
control test 
port pressures 
resulted in 
high leak 
rates. 
 
 
Figure 58. 
Graphical 
representation 
of leak rate 
data for 
second test. 
Note the order 
of magnitude 
with reference 
to Figure 57; 
inclusion of a 
needle valve 
lowered test 
port pressure 
and provided 
more accurate 
results. 
 
Discussion & Interpretation 
The orders of magnitude for the leak rates between the two tests changed significantly. This can 
be attributed to the addition of a needle valve at the input to the Varian 979 during the second 
test. According to the leak detector manual, the test port pressure should be set to between 1 
and 2 Torr when in sniffing mode; this was not checked or controllable during the first test. 
Additionally, data for the first test may not be reliable, since very little time was given between 
readings. This could have resulted in helium remaining in the tubing leading up to the detector.  
The data from test number 2 (Figure 58) shows a probable leak on the left side of the filter. The 
high leak rate in areas 3, 4, and 5 points to this (see Figure 51 on page 42 for reference), while 
there is a lesser leak rate in the other areas around the filter seal. Because the partitions are not 
effective (see description and photo page 38), it makes sense that the helium leak rate is 
identical at more than one location. 
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Recommendation for Further Testing 
This basic test has shown that the leak detection system has potential in its current 
configuration, but also that it needs a lot more testing and tweaking to give accurate results. 
One issue is that measurement of flow rate through the HTTU is guesswork, at best. For our 
purposes, we used the difference of static to dynamic pressure with two separate Pitot-static 
tubes within the unit. These were read off the analog gauges, and are only accurate to ± 0.1 
inH2O. Without knowing the overall flow rate in the unit, we cannot reasonably know the 
percentage of helium injected, and thus the leak rates we are trying to quantify.  
 
Another area of improvement is to determine the time constant of the leak system; that is, how 
long must we wait between different test ports to ensure that residual helium in the system does 
not distort the readings? This can be determined both analytically and experimentally. 
Once the above has been solved, the total amount of helium used during the tests can be 
reduced. The tests we performed used 120 cfh of helium, and test #2 took over 10 minutes to 
complete. If regular tests are to be performed, the cost of helium (of which there is currently a 
national shortage) could become prohibitive.  
Flame Impingement System 
The flame system was tested in several subsections first to ensure full operation before 
assembly. In each case, small problems were uncovered. The battery was undersized for the 
igniter and motion systems. It was replaced with a 12 V dc power cable that is now wired into 
the control box, which has a modular design allowing for future addition of equipment if need be. 
It was realized that the bracket connecting the two actuators in the motion system was 
undersized and the resulting deflection caused binding of the HTTU wall joint. This was 
replaced with a much stronger box bracket. Additionally, the horizontal actuator was 
unnecessarily long, so a replacement was ordered and installed. The first actuator will be 
returned for a refund this coming week. Figure 59 through Figure 62 show the various stages of 
testing from the igniter to the full flame in the HTTU with air flow. 
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Figure 59. Igniter test. Once the switch is thrown, the 
igniter begins to glow red hot. 
 
 
Figure 60: Here we see gas beginning to exit the line. 
 
 
Figure 61: By increasing the upstream pressure, a 
substantial flame was produced. The system is certainly 
able to produce an “ember” like flame, and, if needed, one 
that is much larger. 
 
 
Figure 62: Once the unit was fully assembled, the 
HTTU was run at high flow. The torch was able to light, 
stay lit, and adjust size easily as controlled by the 
operators observing remotely by the camera. 
Additionally, the torch was moved around to apply the 
flame to various locations. 
 
The flame and motion systems were run at full flow, and the motion system was successfully 
operated at 800 F. Future testing should include a flame test at high temperature. 
 
Table 8: Flame Test Results 
Parameter Value 
Tank Pressure (psi) 140 
Flame Temperature (F) 1010 
Flame Size (in^2) ¼ by 1 
Speed (in/sec) 1.5 
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The flame temperature, as measured with a k type thermocouple, was 1010 F and the flame 
size was a quarter inch wide and one inch tall which is somewhat representative of the qualities 
of a smoldering ember. The actuator can translate at a rate of approximately 1.5 inches per 
second. 
 
General System Upgrades 
Pneumatic Casters on Main HTTU Cart 
Due to concerns about the bumpy ride between the Bonderson 
building and the Engines lab at Cal Poly, new casters were 
installed on the unit and are shown in Figure 63 at right. These 
air-filled tires replace the old plastic wheels and protect the unit 
and its electronics from any vibration encountered during transit. 
Thermocouple Boards and Control System Upgrades 
The thermocouple boards originally installed by CPHEPA failed 
to function for a test that was to be performed in January. These 
boards were replaced largely with help from Marc Goupil from CPHEPA. Marc continued to 
work on the control system throughout this project. 
DISCUSSION 
Suggestions for Future HTTU Projects 
This project was the third major work performed on the HTTU. Future projects should work to tie 
together and improve on previous work, rather than add new features. The following areas have 
been identified as good starting points for senior projects. 
General Reliability and Testing 
The HTTU has currently only performed a handful of times. On at least two occasions, we failed 
to start the HTTU due to issues with the electronics. It would be highly beneficial for some 
students to run the HTTU multiple times, bringing it up to temperature, controlling the flow rate, 
etc. This would be a good method for identifying areas of improvement in the system, and for 
documenting and refining operating procedures. 
 
 
Figure 63. New casters installed on 
main HTTU cart. 
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Graphical User Interface and Integrated Control System 
The current HTTU is comprised of several systems which are stacked upon one another, and 
that all require separate control systems. A graphical user interface (GUI) should be written to 
ensure easier and more fluent operation of the unit. This GUI should be able to control the 
temperature and flow rate of the unit itself, as well as the cameras, flame impingement system, 
leak detection system, and any future improvements. 
 
Such a system could minimize the number of wires cables hooked up to the HTTU during 
testing. A centralized power supply for the instrumentation, for example, along with a single 
control cable, could reduce clutter and confusion during tests.  
 
This project could also improve current hardware on the HTTU, making the system more robust 
and easy to operate and maintain. 
 
Insulation Improvements 
While the current insulation system is adequate for thermally insulating the HTTU, it is not safe 
to work with, and not effective in keeping up the spirit of having a modular system. This 
insulation should be relatively easy and safe to remove in order to perform work on the unit. Our 
team removed and re-installed the insulation on a number of occasions. On each occasion, the 
foam insulation crumbled, was mixed up, and lost its integrity. Additionally, the insulation causes 
skin and respiratory irritation, and appropriate protective gear must be worn.  
 
A future team could re-evaluate the insulation system, making safe and easy to work with, and 
ensuring durability through multiple installations. 
Reduced Heat-up Time 
It was proposed during this project to investigate reducing the heat up time of the HTTU, from 
roughly one hour to a few minutes. This would more accurately simulate the conditions of a fire.  
 
Installation of Orifice Plate and Pressure Transducer in Engines Lab 
An orifice plate and pressure transducer were purchased in 2012 by CPHEPA, but were never 
installed in the engines lab. Installation of these pieces of hardware would allow precise and 
direct control of flow rate through the existing software. At present there is no accurate way to 
measure air flow through the HTTU. This work should be performed by a technician at Cal Poly, 
and would not comprise an entire senior project. 
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PROJECT TIMEFRAME AND MILESTONES 
This is a 30 week project that runs from September 2012 to June 2013. A timeline is attached in 
Appendix A. The team arrived at a reasonable stopping point at the end of Spring quarter 2013. 
Future senior project teams will continue work on the HTTU.  
 
The senior project has the following important milestones: 
 
Project Proposal - Due 10/22/2012 
This document outlined our understanding of the project background, and began the 
development of project requirements. 
 
Conceptual Design Report - Due 11/29/2012 
Outline of proposed solutions to problems presented in this report. All design reports 
are cumulative, and will build off of this initial proposal. 
 
Critical Design Review - Due 2/8/2013 
The Critical Design Review took place at Lawrence Livermore National Laboratory, 
with the exact date and time to be determined. This presentation will be a 
comprehensive overview of our progress and our proposed solutions. 
 
Final Design Report - Due 3/14/2013 
The Final Design Report will document our solution in detail, including part & 
assembly drawings and manufacturing methods. 
 
Final Project Report - Due 6/14/2013 
This comprehensive report includes everything in the Final Design Report, as well as 
testing results, conclusions, and suggestions for further improvement. 
 
Roles & Responsibilities 
Given that there are four team members and four subsystems, each team member became 
responsible for the completion and documentation of one subsystem. The individual tasks, 
plus additional responsibilities, were assigned as follows.  
 
• Blair Frandeen: Responsible for leak detection system. Overall fabrication lead. 
• Will Schill: Responsible for torch system and controls systems. 
• Erick Shewmaker: Responsible for camera system. Team contact point, 
responsible for communication with sponsors and faculty. 
• Josh Turgeon: Responsible for viewing port design and fire protection issues. 
 Treasurer. 
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BUDGET 
The budget has been updated to reflect changes in the design since the conceptual report. The 
cost of the individual systems and the total cost are tabulated in Table 9 below. The full detailed 
budget is appended to this report. 
 
Table 9. Budget summary. 
BUDGET SUMMARY 
System 
Estimated 
Cost Actual Cost to Date 
Leak Detection  $    4,678.12   $                     2,965.27  
Flame Impingement  $    1,103.62   $                     1,376.96  
Camera System  $    1,855.77   $                     2,040.44  
Viewing Ports  $       886.08   $                        586.08  
General Upgrades / Expenses  $    2,863.36   $                        872.32  
      
GRAND TOTAL  $  11,386.95   $                     7,841.07  
 
It is worth discussing the areas of the budget that were higher or lower than the estimated cost.  
 
The leak detection was under budget because of the helium detector design change. Since we 
ended up borrowing the leak detector, instead of buying one, the $1800 expenditure was 
immediately off the table. Additionally, we did not need to buy the $600 calibrated leak because 
the borrowed leak detector had one built in. We needed about $800 of additional hardware for 
the leak detection. This offset the difference between the estimated and actual costs. A 
pressure regulator that was originally purchased was realized to be unsuited to this application 
and was returned. The refund should be $130. 
 
The torch system was over budget by a $273. This is because some additional hardware was 
needed as well a replacement actuator. That said, the extra actuator, the one that was too long, 
was returned to Firgelli. Also, a few parts were returned to McMaster-Carr. This should come 
back as about a $220 refund. 
 
The camera system was over budget due to underestimation of taxes and shipping. 
 
The viewports were under budget because we realized that cheaper alternatives existed for 
purchasing the glass and metal with no detriment to performance. Because of this, the total 
material cost was less than predicted by $300. 
 
In the general expenses section, we allocated $1500 for our facility supervisor Jim Gerhardt 
during testing, but he ended up not charging us for his time since none of our tests took place 
during non-business hours. 
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CONCLUSION 
The purpose of this senior project was to upgrade the HTTU by adding four new systems, which 
included viewing ports, a camera system, a leak detection system, and a flame impingement 
test. All four systems were successfully implemented, and all four showed functionality during 
testing. All of the systems still need refinement and further testing, which should be carried out 
by a future senior project team. 
 
 
Figure 64. Completed HTTU Upgrade Project, as presented at the Senior Project Fair, May 30th 2013. 
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APPENDIX B—TIMELINE AND PLANNING TOOLS 
QFD Deployment 
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Gantt Chart 
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APPENDIX C – DESIGN DEVELOPMENT 
This section details the ideation, iteration, and development of the designs presented in the 
body of the report. 
Specification Development 
Specifications for the proposed upgrades have been developed using basic engineering 
analysis, background research, existing test standards, and specifications from the current 
HTTU. The sections below detail the development and justification of our requirements. A full list 
of numerical specifications is presented in Table 1 beginning on page 7. 
Overall System Specifications 
Effective upgrades of an existing system must conform to the original requirements. 
Requirements for temperature, size, power, heat loss, and pressure differential were taken 
directly from Team Icarus’ final design report. The ducting is made of stainless steel, and as a 
general rule, any material placed inside the machine should also be stainless steel. This helps 
to reduce the chance of galvanic corrosion, which may be amplified at high temperatures. 
Internal components must also be able to withstand repeated heating and cooling from room 
temperature to 1300 ˚F.  
 
A service life of 100 tests was arbitrarily chosen for all components. The time required to set up, 
run, and cool down from a single test is already significant, and so 100 tests will likely take 
months if not years to complete. When stainless steel is repeatedly heated and cooled, its 
metallurgical properties revert to that of mild steel, which is likely to corrode. 
 
Maximum electrical power cannot exceed the capacity of the Cal Poly Engines Lab, which is 
480V / 60A 3-phase. All electrical components should be wired according to the NEC NFPA-70 
standard. 
 
View Port 
In designing the viewing ports, our main goal is to enable the operator and our cameras to be 
able to see key elements of the test specimen during a typical test run while ensuring the safety 
of the user and preserving the life of our camera systems throughout the test. This means that 
we will need appropriate angles, a high level of transparency in the viewing material used, and 
good thermal resistance characteristics such that the operator will not burn himself if the glass is 
accidentally touched. More specific to the performance of our system, the heat energy escaping 
through the viewports should be minimized to preserve overall efficiency.  
 Final Senior Project Report 
Revised 6/12/2013 
Page 63  
 
 
 
The specifications for the viewport come in part from Team Icarus’ design report and in part 
from research on commercial view ports designed to withstand high temperatures as well as 
specific calculations and research regarding the possible materials to be used. Specifications for 
heat loss and outside temperature are based on safety concerns, maximum operating 
temperatures of the camera and the overall desired efficiency. 
Camera System 
The goal of developing specifications for the camera is to give requirements that when fulfilled 
lead to useful documentation of a HEPA filter test in the HTTU. 
 
The camera should be able to zoom in on a 3 by 3 inch square section of the filter face in order 
to observe the effects of something like a flame test. The 3 by 3 inch square section is the size 
of the flame application area plus about an inch to either side giving the operator the ability to 
ascertain the effects of flame impingement upon the filter. The camera will have a 10 MP 
resolution on a site of the above specified size. This is about the middle of the current camera 
market giving a usable image without extreme cost. The camera should tolerate temperature of 
up to 150 °F because it is operating near the HTTU. 
Flame Impingement 
The specifications for the torch were developed using the paradigm that we are simulating an 
ember flame impinging on a small bit of surface area of the filter. The ignition temperature of the 
flame should be as low as possible, so the goal temperature of the flame will be similar to the 
temperature at which the unit is operating (1000-1300 ˚F) or as close to this as can be. We want 
a small contact area, like a small, hot, burning object on the order of 0.5 in to about 5 in 
diameter impinging upon the filter. So, the goal contact area for the flame impingement is 
between 0.5 and 1 square inch with a tolerance of 0.5 in. Though the speed of movement of the 
torch is not paramount, an operation of moving between two points on the face that takes more 
than a minute could possibly be difficult to the operator. Therefore, the flame position should be 
able to be moved at a rate of 0.5 in/s 
Leak Detection 
The goal for leak testing on the HTTU is to locate leaks exclusively between the HEPA filter 
frame and the duct. The methods being considered for sealing this interface are an 
experimental blue gel seal, and a standard gasket seal. It would be acceptable to design a 
system that tests the sealing system independent of any HEPA filters. An orifice plate that 
simulates a pressure drop and uses one of the proposed sealing system, as is currently 
installed in the HTTU, is a preferred solution. 
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Large differential expansions may cause the seal to leak while heated; previous HEPA filter 
installations have reported leaks occurring at the corners. This interface is located only on the 
upstream end of the filter, which would not be immediately accessible from inside the HTTU. It 
is also desirable to perform a leak detection test in tandem with a flame impingement test. 
 
No existing standards could be found for acceptable leak rates through the filter seals. We have 
developed an approximate acceptable leak rate as follows: If we base our standard on an 
overall efficiency test as outlined on page 2, and assume the challenge aerosol is fully mixed 
into the flow, we can determine the total volumetric flow rate of what would constitute a leak. 
HEPA filters must be 99.97% efficient in filtering aerosols of 0.3 µm diameter—in other words, 
only 0.03% of a well-mixed flow can leak through the gasket seal. If we assume a maximum 
flow rate through the HTTU of 250 ACFM (ft3/min), then the maximum permissible leakage is 
0.03% of this, or 0.075 ft3/min.  
 
This flow rate is further reduced by the consideration that the maximum leakage for a scan test 
is only 0.01% of total flow. We may also be interested if the seal is leaking, but less than the 
allowable maximum. This brings the required detectable volumetric flow on the order of 0.01 
ft3/min. 
 
The SI unit for leak rate is millibar-liter per second, which by dimensional analysis is a unit of 
power, or a time rate of energy. A leak is defined as 𝑄 = 𝑝∆𝑉 ∆𝑡� , where V is the system 
volume, p is the pressure difference and t represents the time rate [7]. We can use this 
relationship to convert our required detectable flow of 0.01 ft3/min to roughly 0.07 mbar·l/s, 
assuming a pressure drop of 6 inH2O across the filter, with an operating temperature of 1000 ˚F. 
This leak rate is at least an order of magnitude higher than those detectable by most mass 
spectrometer helium detectors. However, helium detector sensitivities are specified for systems 
using pure helium as a tracer gas. By injecting only a small percentage of helium into the main 
airflow of the HTTU, we can bring the leaks into a detectable range. 
 
Pressure applied to the filter seal has not been specified, but the pressure should be applied in 
a manner similar if not identical to how it is applied in a real installation. The current setup in the 
HTTU uses four bolts that press against the back of the filter body. 
Reduced Heat Up Time & General System Optimization 
It has also been requested that various aspects of the HTTU be optimized for better 
performance.  One of the key issues with the current design is the length of time required to 
heat the unit prior to running a test. The HTTU should simulate as accurately as possible the 
conditions of a fire in a nuclear facility. The current time of ~45 minutes to bring the unit to 1000 
˚F does not accomplish this. Ideally, the filter would go from room temperature up to 1000 ˚F in 
just 2-3 minutes. 
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Various methods have been discussed to improve this time including a recirculation system, 
heating blankets, induction heating, or resistive heating elements. Improving the heat up time of 
the HTTU is the lowest priority of all the aforementioned upgrades. 
 
View Port 
The goal of adding a view port is to provide a visual access point for the camera system in order 
to provide a record of the tests. 
Material Choice 
Properties of possible materials for the viewing ports are summarized in Table 3 below. 
 
Table 10. Properties of possible viewport materials. 
Material Pros Cons Key Properties 
Fused 
Silica 
Great thermal shock resistance, 
good chemical inertness, 
excellent UV transparency 
Must be kept extremely clean at all 
times as contaminants can easily 
catalyze crystallization 
k = 1.613[Btu/hr-
ft-R] 
Rho = 
138.4[lbm/ft^3] 
Alpha = 2.118E-
7 [1/R] 
Fused 
Quartz 
Thermal shock resistance 
Great UV transparency 
Devitrifies around 2012 ˚F becoming 
opaque 
 
Mostly manufactured in tube form 
Melting point: 
1683°C 
k = 1.4 W/m °C 
Alpha = 5.5 x 10-
7 1/ °C 
Fused 
Sapphire 
Good thermal shock resistance 
Good UV transparency 
Extremely High Cost 
 
 
At this point in the process, it appears that the fused quartz glass will be the best option. The 
issue at hand now will be to find a solution to the difference in thermal expansion between the 
glass and the stainless steel during testing at high temperatures. Fused quartz, as well as all 
other types of glass, has an extremely low coefficient of thermal expansion, while steel has a 
reasonably large coefficient. This means that during testing at high temperatures, the glass can 
be put under high levels of stress as the steel interface expands. We are currently exploring a 
few ideas and are working through some rough calculations and plan to conduct some rough 
experiments soon to learn more about the problem.  
 
One solution would be to manipulate the geometry of the steel that interfaces with the glass so 
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that the direction of expansion would not apply stress on the glass. We have been thinking of 
having an “accordion-like” frame made of stainless steel that would attach the glass to the steel 
structure. The biggest issue for this would be finding a way to completely seal the ports all the 
way around as the corners geometry would present some difficulty. 
 
Top Concepts 
L-Bracket Design 
The L-Bracket design raises the view port out of the unit by a few inches and tolerates thermal 
expansion by flexure of the vertical members.  
 
 
Figure 65. L-Bracket Port Design 
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Figure 66. C-Clamp 
 
The C - clamp design tolerates thermal expansion of the steel by allowing sliding of the glass by 
the steel. 
 
 
Figure 67. C- Clamp Cross Section 
 
As pictured in Figure 67 the port is double paned, so as to reduce energy loss due to heat 
transfer through the viewport. The C- clamp holds the glass tightly enough to produce a seal but 
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loosely enough to give the steel mobility as it increases in temperature. The sides of air space 
between the panes as well as the sides of the panes are insulated to minimize heat loss. 
Selection Process 
Viewing Ports      C-Clamp L-Bracket 
Dimensions 8 X 12 inches T Fit within the current port 
 
yes yes 
Visual access Upstream  I enables  yes Limited by 
vertical distance 
Maximum heat loss 2000 Btu T, 
A 
View ports should not make 
system significantly more than 
15 % less efficient. 
yes. <2000 Yes <0 
Thermal Expansion 
Temperature Tolerance 
60 to 1300 °F T, 
A, I 
Seals hold and glass does not 
break with temperature 
changes 
yes Seals at corners 
fail 
Pressure Differential 5 psi A Maximum pressure inside unit 
(gage) 
Yes Yes 
 
The C-clamp design fulfills all of the problem specifications whereas the L- bracket does not. 
Accordingly, the C-clamp was chosen as the final design. 
Final Design 
The C-Clamp double-pane design was chosen because of the fact that it satisfies all of our 
requirements better and more completely than the other options. The option of purchasing a 
prefabricated, generic high temperature view port was explored but ultimately decided against 
because none would be ideal for our application. We still may work with manufacturers to 
customize aspects of our design that we may not be able to fabricate ourselves.  
This C-clamp concept seems to have all the elements that we are looking for yet it still has 
some rough edges so to speak in terms of fine tuning the design before we can build it. We 
would like to modify the solid model such that we can adjust the height of the c-clamp itself thus 
allowing us to tighten the bolts without causing deflection in the steel. Another modification that 
needs to be made to the overall concept is making the double-panes permanently attached to 
one another so as to maintain a fixed air gap that won’t need to be assembled or reassembled if 
the view port needs to be removed. This would also allow us to make sure that the window’s 
geometric characteristics are staying consistent with our thermal resistance models from which 
we calculated our specifications from. In addition, we could then easily assemble the window 
into the rest of our design and ultimately onto the unit with a higher level of accuracy and 
consistency. 
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For the glass, we have decided to pursue a design using fused quartz. We decided against 
fused silica mostly based on recommendations from manufacturers but also because fused 
quartz has slightly better visual and thermal properties than silica according to our research and 
calculations. As for fused sapphire, the cost for implementing a design for our application would 
be astronomical.  
We also plan to use a combination of infrared and glare filtering coatings on our glass to reduce 
heat transferred to the cameras due to radiation as well as maximize visual capabilities of the 
cameras. One such coating that we are exploring is gold magnesium fluoride coating that both 
filters infrared effects as well as glare. 
Camera System 
Due to the nature of the tests performed in the HTTU, it is desirable to have a closed circuit 
camera feed which is time synced with the unit’s data acquisition system.  This allows events 
that occur during a test can be reviewed later and analyzed based on the time signature 
recorded with the image.  
 
In order to ensure that the best possible video records can be produced for each test, a camera 
control system will be implemented to aid in the positioning of the camera.  The controller will 
provide pan/tilt/zoom functionality, as well as other necessary controls.  Additional lighting will 
be provided so that the test subject will be adequately illuminated.   
 
The camera will be mounted on a motorized mount, capable of panning and tilting at the 
minimum.  There is potential to also include a translational degree of freedom to the mount so 
that the cameras can remain square to the test subject.  While there are products on the market 
that can fulfill these requirements, it is also possible that we may fabricate the mount ourselves.  
 
The purpose of the camera system is to record a video feed of the HEPA filter face that can be 
time stamped and synced with the HTTU data acquisition unit.  The system will include a 
recording interface so that the video can be stored for later viewing, and will also allow for live 
viewing during a test.  Additionally, the camera will be mounted on an electronically controlled 
pan/tilt head so that when zoomed in, the camera can scan around the face of the filter.  
Selection Process—Mount Type 
The two leading concepts for a camera mount were as follows 
 
1. Camera Mounted on Tubular Frame 
In this design the camera and pan/tilt head are both mounted on a tubular steel frame.  
Mounting the camera upside down allows the camera’s lens to get as close to the viewing port 
as possible, and thus allows for a  more complete view of the filter face.  The open frame design 
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allows for easy access to the camera components, but also allows external light to glare off the 
face of the viewport.   The frame is supported by plate feet, and can utilize the existing studs on 
the HTTU.    
 
 
 
Figure 68. Pan/Tilt Camera system mounted on tubular frame. 
 
 
2. Camera Mounted in Vented Shroud  
The shroud mount is a product of an attempt to reduce glare off of the filter face.  Enclosing the 
camera and mount system in a rigid box completely eliminates glare by blocking external light.  
Forced cooling is required in this design because the enclosure traps all of the heat generated 
due to thermal radiation and conduction through the viewport.  An external flange on either side 
of the unit will allow mounting to the existing studs.  
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Figure 69. Camera mounted in vented shroud. 
 
Table 11. Selection matrix for camera mounting design. 
 Category Tubular Steel Shroud 
Camera Access Open design allows easy access to 
camera. 
Unit must be removed to access camera 
components. 
Camera 
Temperature 
Open air design does not trap heat lost 
heat from the unit.  
Enclosed design poses a potential cooling problem; 
cooling is required. 
Cost Cheap materials cost; requires minor 
welding. 
Relatively expensive; requires more materials, labor, 
and the purchase of cooling fans.  
Light Reduction None; camera will require other means of glare 
reduction.   
No glare.  
 
Final Concept Choice  
Due to the increased complexity and potential heat problems of the shroud mount, we have 
chosen to move forward with the tubular frame mount design.  We have been requested to 
include a mechanism to allow for vertical, horizontal, and longitudinal repositioning of the 
camera over the view port in the next iteration of the design.    
 
Selection Process—Camera and P/T Head 
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There are a variety of security camera manufactures; the images below show a few of the 
potential camera choices as well electronic pan/tilt camera mounts.   
     
       Figure 70 Panasonic WV-CL930    Figure 71 Panasonic WV-CP290 
 
 
  
 
      
        Figure 72 Pelco PT270-24P                Figure 73 Bescor MP-101 
  
A  more comprehensive comparison of analog CCTV cameras and mounting options will be 
made when we receive pricing from manufactures.   
Next Steps 
In order to move forward with the design of the camera system a few things must happen.  
Testing with a real camera will allow us to gain a better understanding of the optimal location for 
the camera, as well as experiment with glare reduction techniques.  Upon receiving pricing for 
video cameras, we determine what the best option is.   Also, a hot test with a live camera will 
need to be performed in order to analyze the effects of stray radiation on both the camera 
picture, and operating temperature.  
Leak Detection 
The goal for a leak detection system is to both quantify and locate leaks in the filter seals. This 
must be done for both the gel type seals and the gasket type seals. The system must be able to 
operate during the hot-air test. 
Approaches Considered 
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During our design development, various methods of leak detection were explored.  The first 
ideas were based off of existing standards, but it quickly became clear that the aerosol particles 
(DOP and DOS, see section on filter efficiency testing on page 2) used in these methods would 
not be stable at high temperatures. Measurement of flow rate past the seal was considered, but 
presented two main problems. First is finding an instrument that could both measure and locate 
such small flow rates given the cramped geometry around the filter. Second is differentiating 
such small flow rates from natural advection or eddy currents coming off the main duct flow. 
 
Another idea for leak detection involved directing any leaks into a chamber with a carefully 
regulated pressure. Any increase in pressure that was detected would constitute a leak into the 
pressurized chamber. Such a chamber is illustrated in Figure 74 and Figure 75 below. 
 
 
Figure 74. Cross section of pressurized chamber concept.  Figure 75. Pressurized chamber concept installed 
between two duct sections. 
 
The use of a pressurized chamber presents three main challenges: 
 
1. Acquisition of a pressure sensor that can detect changes in pressure on the order of 10-2 
mbar per second, and differentiating these changes from thermal effects. 
2. Regulation of pressure in chamber, which would require a control system. 
3. Making the chamber flexible to allow for adjusting pressure on the seal. 
 
Finally, it would be impossible to make separate pressurized chambers around the 
circumference of the filter seal due to the complex geometry, and thus leaks could be detected 
but not located. 
Tracer Gas as a method of Leak Detection 
The concept of a tracer gas is based off existing standardized tests for HEPA filters. In these 
existing standards, aerosol particles are mixed into the flow upstream of the filter, and detected 
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downstream of the filter. While the aerosol particles themselves will not be stable at high 
temperatures, we considered using an inert tracer gas, such as helium, as a replacement.  
 
Tracer gases are used in industry for vacuum seal and pressure testing in a wide variety of 
applications. Testing the leakage rates of the filter seals is a natural extension of this 
methodology. A tracer gas, possibly diluted with air, is introduced on the upstream side of the 
seal. A pressure differential is created across the seal, and the gas is detected downstream of 
the seal. 
Helium as a Tracer Gas 
Helium was initially suggested as a replacement for the combustible aerosol particles that are 
used in standard test methods. Helium is a good choice of a tracer gas for the following 
reasons: 
 
• Chemically and physically inert, non-combustible. 
• Cheap and readily available. 
• Very low content in atmospheric air (roughly 5 ppm)#. 
• Easily removed by pumping without contamination of system. 
• Unambiguous signal in the mass spectrum. 
• Instrumentation available that can detect leaks of very small magnitude. 
 
The use of an inert tracer gas has two disadvantages for a filter test system. First, HEPA filters 
will not filter helium or other inert gases; therefore this method of approach is only useful for 
testing leaks in the filter seals, and cannot be used for overall efficiency testing of the filter 
mediums. Second, the instrumentation used to detect helium could be quite expensive, 
particularly if a mass spectrometer is needed. 
System Overview 
The helium based system uses a collector, mounted on the outside of the filter seal, to bring air 
through a valve manifold and into a helium detector. The proposed layout for the helium-based 
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leak detection system is shown in Figure 12 below. 
 
Figure 76. Proposed layout for Leak Detection system. 
 
The helium is injected into the airflow upstream of the filters. This ensures full mixing of the 
helium into the airflow. The collector in the center of the page has eight separate compartments, 
each connected to a valve manifold which can select individual compartments to sample air 
from. The helium detector has either a built-in or an external pump, and pulls air from the 
collector, through the manifold into itself, and then exhausts that air to outside the laboratory. 
 
Two additional collectors are added to the system for more precise control of the experiment: an 
upstream collector to measure the helium concentration in the main HTTU flow, and an ambient 
collector to measure background helium concentration.  
 
A leak simulator, shown at the top of the diagram, injects a known flow of helium into one or 
more collectors. This will be used to validate the design, by ensuring that an increased helium 
concentration in the collectors can be detected. 
Helium Accumulation and Transient Response Calculations 
In preparation for designing a helium-based leak detection system, we have done several 
calculations to determine the necessary amount of helium to inject, the leak rate in mbar·l/s to 
determine the required sensitivity of a helium detector, the helium concentration in parts per 
million, and the transient response as helium accumulates in a control volume and is extracted 
to a detector. These calculations are shown and described in detail in Appendix C on page 89. 
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Collector Design 
With the approach of using helium as a tracer gas being decided, we began developing physical 
systems that could collect air leaking from the filter seal and send that air to a helium detector to 
check for leaks. We decided on a static system as opposed to a moving collector early on, 
because a static system is far simpler to design and implement, especially considering the 
temperatures and geometry involved. 
 
An initial design, dubbed the ‘Non-separated array’, is shown in Figure 77 below. This design 
uses eight different collector ports, with the assumption that helium concentration will be highest 
near the leaks.  
 
 
Figure 77. Non-separated collector array concept. Pulls air from around edge of 
filter to test for leaks, and does not separate from the main HTTU flow. 
 
The above design has the difficulty of removing any back-flow from the system; since the 
downstream edge of the filter seal is not separated from the rest of the flow, it would be 
impossible to distinguish helium leaks from air already moving around the filter body. A 
schematic illustrating this problem is shown in Figure 78below. 
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Figure 78. Illustration showing the problem with back flow mixing with leaks, and making the 
distingiushing of leaks very difficult. 
 
Our initial proposed solution to this issue was to weld a flange that could be connected to the 
other duct modules to the outside of the filter body. A first iteration of such a design is shown in 
Figure 79 below. 
 
 
Figure 79. First iteration of flange welded to filter to separate leaks from main 
HTTU flow. Shows bolts used through flanges to apply pressure to filter seal. 
 
Attaching the filter rigidly to the downstream duct section presents the problem of applying the 
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correct pressure to the filter seal. This is solved by the long bolts on the outside of the filter 
body, that pull the flanges together and thus apply the correct pressure. These bolts are located 
at the same height as the original bolts inside the unit. 
 
The Grafoil GTB Grade gaskets installed by Team Icarus should be adequate to prevent any 
helium from leaking through the flanges and into the atmosphere. According to the gasket 
specifications, a properly installed gasket leaks at a rate of less than 1.5 ml/min (5.3 x 10-5 
ft3/min) at a pressure difference of 580 psi. For a pressure difference of only 6 inH20 (0.217 
psi), this leak rate is reduced further to 2 x 10-8 ft3/min, several orders of magnitude less than 
our proposed maximum allowable leak of 10-2 ft3/min. Proper installation of the gaskets 
involves careful cleaning of the flange surfaces prior to installation, and applying the correct 
torque to the flange bolts. The ASME Mechanical Engineering Handbook has a chapter on seal 
technology, with information on applying pressure to gasket seals [8]. 
 
A design using very small collector volumes positioned only on the outside of the filter seal 
channel was proposed, but presented several problems. First, creating the seal around the filter 
body would be difficult. Additionally, this idea would require two separate collectors for the 
different filter seal mediums. A rendering of this idea is shown Figure 80 below for 
completeness. 
 
  
Figure 80. Conceptual design using very small, sealed collector volumes. 
 
The flow dynamics for this design were also unresolved. Were the outside to be sealed from the 
atmosphere, we would have needed a means of controlling pressure while air was removed 
from the collectors to the helium detector.  
 
The design decision was made to mix the helium-saturated leaks with atmospheric air, allow the 
air to accumulate, and then sample that air with the detector. This requires measurement of the 
pressure drop from upstream of the filter to the atmosphere, and that the atmospheric air be 
relatively free of background helium. 
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A first iteration of this design, showing the tubes connecting to the valve manifold block, is 
shown in Figure 81 below. 
 
Figure 81. Collector array concept showing connections to valve manifold. 
 
A cross section view of the collectors and how they wrap around the filter body is shown below 
in Figure 82 
 
 
 
Figure 82. Cross section of collector design, showing airflow paths and 
geometry. Note the difficulty in removing the filter by sliding it backward. 
 
The collector comes in eight separate parts, which include the partitions that separate the 
collector compartments, which must be attached to the HTTU individually. A corner collector 
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and a side collector with partitions installed, which is installed on top of that, are shown below in 
Figure 83 and Figure 84, respectively. 
 
 
Figure 83. Proposed corner collector.  Figure 84. Exploded view of proposed edge collector. 
 
This design presents a few difficulties, particularly when the operator wishes to change the filter 
module. As can be seen in the cross section above (Figure 82) the collectors must be removed 
before the filter and welded flange can be slid backwards and out of the unit. Disconnecting all 
eight collectors would be time consuming, and it was requested that this be re-thought. 
Additionally, the length of both the filter and the collectors is un-necessary. These issues are 
addressed in the most recent iteration, presented below. 
 
Flame Impingement 
The goal of the flame impingement test is to simulate an ember-like entity contacting the filter 
face. The method of flame production and the torch motion are the two main issues to consider 
in selecting the best design. 
Selection Process—Flame Type 
Top Concepts 
1. Electric Heater. Run Cables with Temperature tolerant insulation to a resistance heater. 
2. Electric with Solid Fuel. Run Cables with Temperature tolerant insulation to a 
resistance heater that ignites solid fuel. 
3. Gas Combustion. Pipe natural gas via an appropriate set of valves to the torch where it 
is ignited without premixing by a spark. 
 
The selection matrix for the flame type is outlined in Table 12 below. 
 
Table 12. Selection Matrix for Flame Source. 
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Category Pure Electric Electric With Solid Fuel Gas  
Flame 
Temperature 
Control 
Power output 
proportional to 
current 
Somewhat unpredictable. 
Depend on the temperature of 
the electric heating element as 
well as the  surface area of 
solid fuel exposed to air. 
Predictable by gas flow rate and flow rate of 
the  
air in HTTU 
Open Flame 
Requirement 
no yes yes 
Flame size 
control 
Size of 
Heating 
element 
Somewhat unpredictable. 
Depend on the temperature of 
the electric heating element as 
well as the  surface area of 
solid fuel exposed to air. 
Predictable by gas flow rate, nozzle size, 
and flow rate of the air in HTTU 
Blow Out no At low temperature, surface 
area exposed must be great 
enough to keep local energy 
density high to continue 
reacting. 
 
At high Temperatures, 
Exposed surface will react 
At low temperature, gas flow rate must be 
high enough such that the density of 
combusting fuel does not drop below critical 
density to maintain local combustion. At high 
temperature, the gas should combust 
 spontaneously upon contact with oxygen 
Cleanliness yes no. Burning a solid fuel such 
as coal will produce soot and 
yes, Light carbon fuels burn relatively cleanly 
Fuel Limit no yes no (depends on the size of the supply tank 
but not dependant upon initial fuel supply 
inside HTTU) 
Repeatability Yes no. solid fuels tend to be less 
homogeneous than gas state 
fuels. 
yes 
Sealing HTTU 
interface  
need to seal 
cabling 
need to seal cabling need to seal fuel line 
Safety Issues shock risk  
Shock Risk 
Solid embers of solid fuel are 
carried downstream to region 
of ducting that is not fire 
resistant 
 
gas expands in delivery pipe 
Burn back cause by high upstream pressure 
Blowout leads to pumping uncombusted gas 
into chamber. Heated gas is later ignited in 
an unplanned and explosive manner 
Heat is transmitted upstream along the gas 
line/ raises pressure in supply tank and 
explodes tank 
 
A gas flame is the only solution that satisfies all of the criteria. However, it does bring along a 
host of safety issues. These can be dealt with safely if properly modeled and the utmost care is 
taken in developing operating procedures. 
Selection Process—Motion Control 
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The top concepts for a motion control system are outlined as follows: 
 
X-Y Motion with Gas Flame  
The torch is positioned in the horizontal plane by mechanical motion devices outside the HTTU 
body. Motion perpendicular to the flow is controlled by a linear actuator and potentiometer. A 
motor and a rotational potentiometer control the up and down motion of the torch. This motion 
could be produced either by spooling a cable which passes down the length of the shaft or by 
rotating a pinion gear which drives a rack to which the torch is attached. 
 
Pertinent Questions: Thermal Expansion Issues with springs/Cables/Gears, Gas expands and 
blows delivery pipe, Gas expands and backs flow into supply tank, Heat propagates to supply 
tank, Bearings leak, Gas supply line seal leaks, bearing lubricant flammable.  
 
 
Figure 85. X-Y Motion control mechanism for a gas flame system. 
 
Corner Cables 
The placement of the torch is controlled by a set of four cables, one at each corner. The cables 
pass through seals to spools which are controlled by motors. 
 
Pertinent Questions: Touch desired area with only two motors. If use more motors, problem is 
over constrained and controller has to operate coupled motors. Will the torch tend to sway to 
one side. What tension is needed to keep straight?, what are the thermal effects on cables? 
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Figure 86. Cable movement mechanism for gas torch. 
 
 
 
Radial Arm 
The position of the flame is controlled by a pair of linear actuators in series. The combined 
motion of the two linear actuators produces a radial in and out motion through a sliding bearing. 
The sliding bearing is mounted in a rotational bearing that is in the wall of the HTTU. The 
rotational bearing allows rotation about the axis on the midline of the unit in the direction of flow. 
 
Pertinent Questions: Will linear actuators in series run into constraint problems? Does rotational 
bearing exist? How to control the temperature of the solid state fuel flame?, heat resistant 
electric insulation? Does sliding bearing leak? Rotational bearing leak?  
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Figure 87. Radial arm movement mechanism.  
 
The selection matrix for the movement mechanism is summarized in Table 13 below. 
 
Table 13. Selection matrix for torch motion mechanism. 
 X-Y with cable 
and spring 
X-Y with 
gear and 
rack 
4 Cables Radial Arm 
Ability to place 
torch on 
specified 
surface 
yes yes yes (though requires use of more 
than 2 controlled motion devices) 
Also, may not be able to keep torch 
pointed in a predictable direction 
Lacks ability to touch 
corners on side of 
entry 
Number of 
Bearings to seal 
2 1 4 (2) 2 
Simplicity of 
control 
yes  yes No. Coupled drivers need to burn 
required surface  
middle. only needs 
two drivers but more 
complex than simple 
linear. 
Moving parts 
inside unit 
gears/sliders springs/ 
cables/ 
sliders 
cables none 
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The r/theta mechanism lacks the ability to touch the two corners on whatever side it is installed. The 
bottom, though theoretically accessible, would require modification of the current cart support 
structure of the HTTU. Any other choice of access surface would lead to lack of ability to burn a 
corner of the HEPA filter face.  
 
The 4 cables method would introduce many control difficulties with correctly coupling the movement 
of the cables. The cables would also face the issue of losing tension and therefore control over the 
direction of torch during any motion. (A potentially hazardous scenario) 
 
The X-Y methods do not share the issues of the previous mechanisms. Both can cover the entire top 
(or bottom) surface of the filter. They both run into the issue of encountering thermal expansion as 
well as sealing. The cable and spring method would require two kinds of seals whereas the gear 
method only requires one. The gears, cables, and uncoiled spring length will see thermal expansion 
cause about a 1% increase in characteristic length using linear thermal expansion theory (See 
appendix for development). If selected to have a looser fit, a gear will be able to tolerate this thermal 
expansion. The main problem with using springs in this environment is the sensitivity of the shear 
modulus to temperature. The shear modulus for stainless steel (Which though not a hard and fast 
requirement for choice of material is in general a good choice) decreases by about 30%. Since the 
spring constant of a spring is proportional to the shear modulus, the spring constant will also 
decrease. The spring’s strong dependence on temperature will greatly, and unnecessarily, increase 
the complexity and repeatability of any control system. 
 
Because of the above complications and limitations of most of the proposed methods, the X-Y with 
rack and pinion was chosen as the final motion concept. 
Final Concept Design (12-5-2012) 
The layout for the proposed flame impingement system is shown in Figure 88 below. 
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Figure 88. Proposed torch system layout. 
 
Description of Final Design 
The flame is produced by combusting Natural Gas (methane). The methane is transported to 
the HTTU from a tank via flexible steel tubing. There is a check valve upstream of the point on 
the tubing where the thermal gradient should theoretically go to zero (this will be measured 
when actually built) to keep any oxygen from filtering upstream while the torch is not operating 
to avoid any burn back type events. The flexible steel tubing is fitted through a sealed tap in the 
side of the unit.  The steel tubing is then connected to a one way nozzle (again to avoid any 
chance of burn back operating at high temperatures. The last 6 in. of steel tubing will be flexible 
but hold their position once set. This will allow the torch to more effectively burn areas like 
corners and edges by setting the tilt of the tubing accordingly .The flame is ignited by an electric 
igniter.  
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Figure 89. Movement mechanism for flame impingment. 
 
The torch is positioned by a mechanical system that moves transversely across the filter face 
and up and down across the upper (or lower) half of the filter face. The torch itself (the tip of the 
steel piping with nozzle) is attached to a rack assembly by a C-clamp type fastener. The rack 
assembly slides vertically in a housing. The housing slides along horizontal guide rails.  A third 
shaft runs through the housing but can spin and drive the rack up and down with a gear. It runs 
through the side of the HTTU and is powered on the outside by an electric motor. The motor, 
outside the HTTU, is attached to a second housing in which the drive shaft can spin freely but 
not translate. This housing is moved closer to and farther away from the machine by a linear 
actuator. The vertical and horizontal motions are then controlled with feedback coming from 
rotational and linear potentiometers respectively. The motor and actuator set is located on a 
separate cart placed next to the HTTU during operation. 
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Figure 90. Movement Mechanism in HTTU 
 
 
Satisfaction of Specifications 
Table 14 below summarizes the specifications for the flame impingement mechanism, and 
describes how the current concept meets the specifications.  
 
Table 14. Specification satisfaction for flame impingement concept. 
Flame 
Impingement 
    Meets Specifications? 
Temperature of 
application  
1000-
1300 
°F T Or as low as 
possible 
Methane flames can get down to these 
temperatures if there is sufficient excess air in the 
combustion volume 
Energy 
Liberated 
4000  BTU/min T,A +-5% Proportional to Mass flow rate of gas which is 
controlled by upstream pressure 
Application 
area 
0.5 to 
1.0 
inch2  T In Upper (or Lower) 
Half of filter face 
because of Pitot 
Tube placement. 
Changed 11/20/12 
The geometry of this design allows placement of the 
torch on the entire top or bottom face. The one 
difficulty that could occur is lack of access to the 
side with the slider housing for rack. This could limit 
the ability of the flame to touch the far corner of the 
wall. This issue can be circumvented by use of 
flexible tubing for the gas nozzle. 
X-Y position 
accuracy 
± 0.5 inch T, 
A 
 Depends upon the sensitivity of the potentiometer. 
And potentiometers exist that give far more than this 
level of accuracy for low cost 
Z- position 
accuracy 
± 0.5 inch T, 
A 
Distance from filter 
face 
The C-clamp that holds the torch in place can be 
adjusted in between tests to give the desired 
distance from the filter face 
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Torch 
Movement 
Rate 
 
0.5 inches / 
sec 
T  Depends upon the power of the actuator and motor. 
Motors and actuators exist that can provide this rate. 
Torch time 5 minutes T Torch maintains 
Surface at specified 
temperature for this 
time 
Methane gas supplies will be specified based on the 
required mass flow rate to determine the size of the 
tank  
Next Steps 
The next big tasks in the project will be to spec out components and to develop building and 
testing procedures.  
 
For the torch, the gas tank, the fuel line, the valves, and nozzle will be specified based on flow 
rate, and pressure inside the unit. For the motion system, the shafts,  bearings, gears,  seals, 
motor, linear actuator, housings,  and control system components will be specified based on the 
weight of the torch, the required speed of the torch movement, the positional accuracy, the heat 
loss, thermal expansion. 
A Final Note 
After conversing with LLNL, it will be taken into consideration in the coming weeks to redesign 
the torch with a motion system that only has mechanized movement within a small area, and is 
otherwise positioned manually before the test.  Based upon cost difference, ease of 
manufacturability, and flow disruption considerations,  a new design may replace the current 
choice. 
 
APPENDIX D – CALCULATIONS 
Helium Concentration and Transient Response 
A MATLAB code was written to calculate several variables used in the helium based leak 
detector system. Many of these are unit conversions, useful for gaging volumetric flow rates in 
different unit systems, and for determining the leak rate in mbar·l/s at a given pressure drop. 
The code determines densities and mass flow rates using the ideal gas law. 
 
One of the more important outputs of the code is the helium concentration in parts per million, 
which is  based on a ratio of mass flow rates, or 𝑁𝐻𝑒 = ?̇?𝐻𝑒?̇?𝑎𝑖𝑟.  This particular part of the code can 
be used to adjust the helium flow rate to the correct level, and to determine the required 
accuracy of a helium detector. 
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Steady State Concentration Model 
The code also uses a model to calculate the steady state helium concentration going to the 
detector, based on the leak rate, collector volume, and detector flow rate. Using a conservation 
of mass argument and introducing a leak of rate 𝑚𝑙̇  and concentration Nl, a atmospheric helium 
concentration of N0, and detector leak rate 𝑚𝑑̇ , we arrive at the steady state equation for the 
steady state helium concentration going to the detector, 
 
𝑁 = 𝑁𝑙𝑚𝑙̇ + 𝑁0(𝑚𝑑̇ − 𝑚𝑙̇ )
𝑚𝑑̇
 
Transient Accumulation Model 
For low helium concentrations, the above model will also yield very low concentrations in the 
detector. However, if a leak is allowed to accumulate for some time t0 in the collector volume, 
the initial concentration going to the detector will be much higher. The same type of mass 
conservation model was used as in the above section, but this time allowing concentration to 
accumulate as described.  
 
We make this model with the following assumptions:  
 
1. The air-helium mixture can be modeled using the ideal gas law. 
2. The system stays at a constant temperature, and the leak rate into the control volume is 
also constant. 
3. Uniform mixing of helium into the control volume. 
 
In this model, a helium air mixture of concentration NL leaks into a fixed control volume V at a 
rate of ?̇?𝐿. The atmosphere and control volume have an initial concentration of N0. Since the 
volume and pressure remain constant, the same amount of mixed air leaks out at rate ?̇?𝐿. and 
the concentration N increases as a function of time: 
𝑁(𝑡) = 𝑁𝐿 �1 − 𝑒− 𝑡𝜏1� + 𝑁0 
 
Where 𝜏1 = 𝑉 ?̇?𝐿⁄ . At a given time t0, the helium detector pump is turned on, and air is sucked 
out of the control volume at a rate of ?̇?𝐷. The transient response is then 
 
𝑁(𝑡) =  ?̇?𝐿(𝑁𝐿 − 𝑁0) + ?̇?𝐷𝑁0 − 𝑒𝑡−𝑡0𝜏2 �?̇?𝐿(𝑁𝐿 − 𝑁0) + ?̇?𝐷�𝑁0 − 𝑁(𝑡0)��
?̇?𝐷
 
 
where 𝜏2 = ?̇?𝐷 𝑉⁄ . 
Interpretation 
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With the above models, we can draw the following qualitative conclusions about the leak 
detection system: 
 
• Greater accuracy is achieved with larger leak rates. 
• Greater accuracy is achieved with small control volumes. 
• A slow suction rate will allow for a less sensitive detector. 
• A low atmospheric helium concentration is preferable. 
• Accuracy can always be increased by adding more helium to the HTTU flow. 
Results 
A sample input and output of the MATLAB code is shown below. 
 
INPUTS 
------------------- 
Operating Temperature: 1000 degrees F 
Pressure Drop Across Filter: 6 inH20 
Volume Flow of Air: 250 SCFM 
Volume Flow of Helium: 1 SCFM 
Volume Flow to Detector: 1.0594 ACFM 
Leak Rate: 0.01 ACFM 
Atmospheric Helium Concentration: 5 ppm 
------------------- 
RESULTS 
------------------- 
Leak Rate: 0.070534 mbar*l/sec 
Helium Concentration Upstream: 552.8478 ppm 
Steady State Helium Concentration to Detector: 10.1711 ppm 
Maximum Transient Helium Concentration to Detector: 156.3337 ppm 
 
 
 
Source Code 
clc, clear; 
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%% leak_rate.m 
% Author:   Blair Frandeen, Team HiTop 
%           (bfrandee@calpoly.edu) 
% Revised:  11-26-2012 
% Purpose:  Calculate transient response of helium concentration as it 
%           accumulates in a fixed control volume, and is then extracted 
%           to a helium detector.  
%           -> Returns leak rate converted from ACFM to mbar*l/s 
%           -> Returns helium concentration through duct in ppm 
%           -> Returns Maximum ppm helium going to detector 
%           -> Plots concentration versus time 
  
%% INPUTS 
p_nom       =   14.7;   % nominal static pressure in HTTU, lbf/in^2 
T_f         =   1000;   % operation temperature, fahrenheit 
dp_in       =   6;      % inches of water, pressure drop across filter 
leak_acfm   =   0.01;   % actual cubic feet per minute, leak rate 
vdot_air    =   250;    % HTTU Flow Rate, SCFM 
vdot_he     =   1.0;    % Helium injection rate, SCFM 
vdot_detect =   .50;    % liter per second, suction rate of detector 
ppm_he_atm  =   5;      % atmospheric helium concentration, ppm 
  
% Transient Inputs 
t_buildup   =   20;         % seconds, time for concentration to build up 
t           =   0:0.01:60;  % seconds, time array 
v_collector =   1*6*3;      % in^3, volume of collector 
  
  
%% CONVERSION FACTORS 
cm_per_in   =   2.54; 
in_per_ft   =   12; 
sec_per_min =   60; 
psi_per_in  =   0.036127292; % psi per inch of water 
bar_per_in  =   0.0024908891; % bar per inch of water 
atm_per_in  =   0.0024583160; % atm per inch of water 
milli       =   1000;   % milli(something) per (something) 
g           =   32.174; %lbf/(slug*ft/s^2) 
  
%% GAS PROPERTIES 
R           =   1545.35; % lbf*ft/lbmol*R 
T_r         =   T_f + 459.67;   % Convert temp to absolute (Rankine) 
mm_air      =   28.97;  % lbm/lbmol 
mm_he       =   4.004;  % lbm/lbmol 
  
rho_air     =   p_nom * mm_air / R / T_r * in_per_ft^2; 
rho_he      =   p_nom * mm_he / R / T_r * in_per_ft^2; 
  
%% MASS & VOLUME FLOW RATES 
mdot_air    = vdot_air * rho_air;     % lbm / min 
mdot_he     = vdot_he * rho_he;       % lbm / min 
mdot_total  = mdot_air + mdot_he;     % lbm / min  
vdot_total  = vdot_air + vdot_he;     % ft^3 / min 
rho_total = mdot_total / vdot_total;  % lbm / ft^3, density of mixture 
  
%% RESULTS 
% Convert Pressure Drop 
dp_psi      =   dp_in * psi_per_in;    % convert to psi 
dp_mbar     =   dp_in * bar_per_in * milli;   % convert to millbar 
dp_atm      =   dp_in * atm_per_in;     % convert to atm 
  
% Convert Volume Flow into cm^3/s 
leak_cm     =   leak_acfm * in_per_ft^3 * cm_per_in^3 / sec_per_min; 
  
% Convert Helium Detector Flow Rate to ft3/min 
vdot_detect = vdot_detect * milli / cm_per_in^3 / in_per_ft^3 * sec_per_min; 
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% Calculate leak rate as energy rate 
Q_SI = dp_mbar * leak_cm / milli;   % mbar*l/s 
Q_in = dp_atm * leak_cm;            % atm*cc/s 
  
% Calculate PPM He (In fully-mixed upstream flow) 
ppm_he = mdot_he / mdot_air * 10^6; 
  
% Calculate PPM He coming into detector at steady state  
mdot_leak = leak_acfm * rho_total;      % mass flow of leak 
mdot_detect = vdot_detect * rho_total;  % mass flow into detector 
ppm_he_detect = (ppm_he * mdot_leak + ppm_he_atm * (mdot_detect - mdot_leak))... 
    / mdot_detect;                      % concentration going into detector, steady state 
  
%% TRANSIENT RESPONSE 
% Calculate the concentration as a function of time for leak into a given 
% volume. 
vdot_leak   = leak_acfm / sec_per_min;   % convert to ft^3/sec 
vdot_det    = vdot_detect / sec_per_min; % convert to ft^3/sec 
v_collector = v_collector / in_per_ft^3; % convert to ft^3 
tau_1       = v_collector / vdot_leak;   % time constant for buildup, s 
tau_2       = v_collector / vdot_det; % time constant for detection, s 
  
for i = 1:length(t) 
    if t(i) < t_buildup 
        % Transient Response as Leak enteres collector 
        ppm_trans(i) = ppm_he*(1-exp(-t(i)/tau_1)) + ppm_he_atm; 
        % Final concentration in collector: 
        ppm_trans_final = ppm_trans(i); 
    elseif t(i) >= t_buildup 
        ppm_trans(i) = 1/vdot_det * ( -exp(-(t(i) - t_buildup)/tau_2) *... 
            ( vdot_leak*(ppm_he - ppm_he_atm)... 
                + vdot_det * (ppm_he_atm - ppm_trans_final))... 
            + vdot_leak * (ppm_he - ppm_he_atm) + vdot_det * ppm_he_atm); 
    end 
end 
  
  
  
%% OUTPUTS 
  
disp(['INPUTS']); 
disp('-------------------'); 
disp(['Operating Temperature: ', num2str(T_f), ' degrees F']); 
disp(['Pressure Drop Across Filter: ', num2str(dp_in), ' inH20']); 
disp(['Volume Flow of Air: ', num2str(vdot_air), ' SCFM']); 
disp(['Volume Flow of Helium: ', num2str(vdot_he), ' SCFM']); 
disp(['Volume Flow to Detector: ', num2str(vdot_detect), ' ACFM']); 
disp(['Leak Rate: ', num2str(leak_acfm), ' ACFM']); 
disp(['Atmospheric Helium Concentration: ', num2str(ppm_he_atm), ' ppm']); 
  
  
disp('-------------------'); 
disp(['RESULTS']); 
disp('-------------------'); 
disp(['Leak Rate: ', num2str(Q_SI), ' mbar*l/sec']); 
disp(['Helium Concentration Upstream: ', num2str(ppm_he), ' ppm']); 
disp(['Steady State Helium Concentration to Detector: ', num2str(ppm_he_detect), ' ppm']); 
disp(['Maximum Transient Helium Concentration to Detector: ' , num2str(ppm_trans_final), ' 
ppm']); 
  
% Plot Helium Concentration vs. Time 
plot(t,ppm_trans) 
xlabel('Time (seconds)','FontSize',15); 
ylabel('Helium Concentration (ppm)','FontSize',15);  
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Issues with Conductivity as a means of Helium Detection 
This study examines some issues that have come up with the proposed helium detector for the 
HTTU leak detection system. Concerns have come up regarding the detectors sensitivity to 
humidity changes, sensitivity to thermal conductivity change with small helium concentrations, 
and the available power of the internal pump. Sales representatives from LACO have informed 
us that the pump in the MiniTracer may not be strong enough for our purposes. 
Background 
The proposed helium detector is the LACO MiniTracer, which functions by detecting changes in 
the thermal conductivity of the air due to the addition of helium. This is accomplished by 
comparing the sample air to the atmospheric air. The purpose of this study is to ask two 
questions: 
 
1) What will be the change in thermal conductivity with the addition of helium levels 
proposed (up to 1%)? 
2) How does thermal conductivity change with changing humidity, and will this be enough 
to be mistaken for an increase in helium concentration? 
The volumetric flow rate specified for the HTTU is 250 ACFM, but a reduction to low flow at 25 
ACFM is also considered. Based on research on helium flow meters, the maximum possible 
helium input from a single standard cylinder is ~2.5 SCFM, which would correspond to roughly 
1% helium concentration in the duct. 
 
Helium concentrations in parts per million are calculated with the MATLAB code which was 
included in the critical design report. 
Model 
An approximate formula for the thermal conductivity of gas mixtures was developed in 1958 by 
Mason & Saxena [9], and this model was used for the purposes of this investigation. The model 
was coded in EES, and verified against the data presented in the aforementioned paper. The 
source code is appended. The model has the limitation in that it cannot account for the 
presence of polar molecules (i.e., water). Thus, the effect of adding helium is calculated only for 
dry air, and the effects of helium addition in moist air cannot be calculated. 
 
The EES code takes inputs of temperature, pressure, and helium concentration in parts per 
million, and outputs the concentration of the mixture. The amounts of the remaining gases 
(Nitrogen, Oxygen, Argon and CO2) remain in the same relative proportion to one another as in 
standard atmospheric conditions. 
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Property lookup functions in EES were used to determine thermal conductivities of the mixture 
components, specific heats, and molar masses. Additionally, the thermal conductivity of moist 
air at varying values of humidity was taken from the EES code and compared to the results 
calculated with the model.  
Results 
The results of this study are reported in Table 15 below. Note that at a helium concentration of 5 
ppm (which is roughly the atmospheric concentration), the conductivity from the model is 0.0254 
W/m-K, a -3.6% difference from the accepted value of 0.0264 W/m-k for dry air at 300K.  
 
Table 15. Results of Study showing change in thermal conductivity with changes in helium concentration and relative 
humidity. Note that these changes cannot be coupled. 
helium 
concentration 
(ppm) λmix (W/m-K) 
  
relative 
humidity 
(%) λmix (W/m-K)   
5 0.02544   30% 0.025678 
794 0.02548   32% 0.02568 
1583 0.02552   34% 0.025682 
2373 0.02556   36% 0.025684 
3162 0.02560   38% 0.025686 
3951 0.02564   41% 0.025688 
4740 0.02568   43% 0.02569 
5529 0.02572   45% 0.025692 
6319 0.02576   47% 0.025695 
7108 0.02580   49% 0.025697 
7897 0.02584   51% 0.025699 
8686 0.02588   53% 0.025701 
9476 0.02592   55% 0.025703 
10265 0.02596   57% 0.025705 
11054 0.02600   59% 0.025707 
11843 0.02605   62% 0.025709 
12632 0.02609   64% 0.025711 
13422 0.02613   66% 0.025713 
14211 0.02617   68% 0.025715 
15000 0.02621   70% 0.025717 
          
Total Change 
(%) 3.03%     0.15% 
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A helium concentration of 15000 ppm represents the maximum practical helium flow rate of 2.5 
SCFM and an overall flow through the HTTU of 25 SCFM (a very low flow). A more practical 
concentration is closer to 1500 ppm. The change in thermal conductivity λmix is 3.03% for the 
range of possible helium concentrations, and 0.15% for the generous range of relative humidity. 
 
These results tell us that even if there were a significant difference in humidity between the 
compressor tank and the atmospheric air, it probably would have roughly one order of 
magnitude less effect on the thermal conductivity compared to the addition of helium. 
Conclusion & Recommendations 
This study has shown that changes in relative humidity will probably not have a negative effect 
on the measurement of the thermal conductivity of the air. Unfortunately, the miniscule change 
in thermal conductivity of the air due to the addition of helium at reasonable levels is probably 
not enough to detect with an instrument such as the LACO MiniTracer. The MiniTracer is meant 
to sniff for leaks in systems that are charged with pure helium. The sniffer probe is moved slowly 
and carefully along the seal where leaks are suspected, and it is presumed that the helium 
concentration in the air at the precise location of the leak is much higher than the concentrations 
we are able to attain within the HTTU.  
 
While the leak rates of roughly 10-2 atm-cc/sec that we seek to detect in the filter seals are 
greater than the claimed 10-5 atm-cc/sec of the MiniTracer, the mechanism of detection is 
significantly different, due to the physical nature of the HTTU leak detection system. A sniffing 
probe cannot be used directly along the edges of the filter seals at the high temperatures 
proposed. 
 
In closing, we do not have enough information about the MiniTracer to definitively prove whether 
or not it will be effective. As a last resort, the unit can be rented for a weeks time for testing 
purposes. Based on this study, and the concern about the pump size in the MiniTracer, we 
believe that a better instrument is needed to detect leaks in the filter seals of the HTTU. A mass 
spectrometer type unit should have no trouble detecting the helium concentrations to be used 
within the scope of these tests. 
 
 
 
 
EES Code 
"Determination of change in thermal conductivity of dry air with added helium concentration." 
 
"Model is based on 'Approximate Formula for the Thermal Conductivity of Gas Mixtures' by E.A. Mason and" 
"S.C. Saxon, originally published in The Physics of Fluids, Volume 1, No. 5, 1958" 
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"This paper is available at http://pof.aip.org/resource/1/pfldas/v1/i5/p361_s1" 
"Equations used in this model are matched with the equation numbers in the paper" 
 
"Test Conditions" 
T = 300 [K] 
p = 101.3 [kPa] 
rh = 0.6 "relative humidity" 
ppm_he = 5 "helium concentration in parts per million" 
 
"Molecular Weights of Air Components" 
MW[1]=MolarMass(Nitrogen) 
MW[2]=MolarMass(Helium) 
MW[3]=MolarMass(Oxygen) 
MW[4]=MolarMass(Argon) 
MW[5]=MolarMass(CarbonDioxide) 
 
"Mole Fractions of Air Components" 
MF[1] = 1 - MF[2] - MF[3] - MF[4] - MF[5]  "Nitrogen is leftover from remaining concentrations" 
MF[2] = ppm_he / 10^6 "Helium concentration is specified" 
MF[3] = 0.2095 / 0.7809 * MF[1] "Oxygen concentration based on % nitrogen" 
MF[4] = 0.0093 / 0.7809 * MF[1] "Argon concentration based on % nitrogen" 
MF[5] = 0.0003 / 0.7809 * MF[1] "CO2 concentration based on % nitrogen" 
 
"Thermal Conductivities of Air Components" 
k[1]=Conductivity(Nitrogen,T=T,P=p) 
k[2]=Conductivity(Helium,T=T,P=p) 
k[3]=Conductivity(Oxygen,T=T,P=p) 
k[4]=Conductivity(Argon,T=T,P=p) 
k[5]=Conductivity(CarbonDioxide,T=T,P=p) 
 
"Specific Heats of Air Components" 
cp[1]=Cp(Nitrogen,T=T,P=p) 
cp[2]=Cp(Helium,T=T,P=p) 
cp[3]=Cp(Oxygen,T=T,P=p) 
cp[4]=Cp(Argon,T=T,P=p) 
cp[5]=Cp(CarbonDioxide,T=T,P=p) 
 
cv[1]=cv(Nitrogen,T=T,P=p) 
cv[2]=cv(Helium,T=T,P=p) 
cv[3]=cv(Oxygen,T=T,P=p) 
cv[4]=cv(Argon,T=T,P=p) 
cv[5]=cv(CarbonDioxide,T=T,P=p) 
 
"Specific Heat Ratios, Eucken Factors, Frozen Conductivities" 
N = 5 
DUPLICATE j = 1,N 
 gamma[j] = cp[j] / cv[j]  
 E[j] = 0.115 + 0.354 * gamma[j] / (gamma[j] - 1)  "Eqn (24)" 
 k_0[j] = k[j] / E[j] "Eqn (23)" 
end 
 
"G Factors  Eqn (21)" 
DUPLICATE i = 1,N 
 DUPLICATE k = 1,N 
      G[i,k] = 1.065/(2*sqrt(2)) * (1+MW[i]/MW[k])^(-1/2) * (1 + (k_0[i]/k_0[k])^.5 * (MW[i]/MW[k])^.25)^2 
 end 
end 
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"Thermal Conductivity Terms" 
DUPLICATE i = 1,N 
 MIX[i] = 1+ sum(G[i,k]*MF[k]/MF[i],k=1,N) - G[i,i] "Summation inside Eqn (20)" 
end 
 
lambda_mix = sum(k[i]/MIX[i] ,i=1,N) "Eqn (20)" 
 
"Published value of air conductivity, for comparison" 
lambda_air=Conductivity(Air_ha,T=T,P=p) 
 
"Conductivity of air given relative humidity" 
lambda_hum=Conductivity(AirH2O,T=T,r=rh,P=p) 
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Torch Calculations 
Description: If we drive motion inside machine with long shaft will twist be an issue 
Method: Linear strength of Materials model of angular deflection  
Result: Small Deflection. <0.1degree 
 
 
Figure 91. Angle of Twist 
 
Description: How far away from the HTTU should temperature sensitive instruments? 
Method: Fourier’s Law and Newton’s Law of Cooling 
Assume: 0.5 in. Diameter Rod 
Result: 1 ft 
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Figure 92.Conduction Down Steel Pipe 
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Figure 93. Conduction Down Steel Pipe Continued 
 
Description: What is the pressure increase if methane is trapped in the delivery pipe inside the 
HTTU? 
Method: Ideal Gas Law 
Assume: Gas is trapped in a fixed volume in the delivery line and is uniformly heated, Methane 
behaves as ideal gas 
Result: Pressure increases by 2.75, IG assumption good for Methane, overestimates for 
Propane 
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Figure 94.Pressure Increase in Closed Pipe 
 
Description: How much heat is lost through the viewports to conduction? 
Method: Fourier’s Law, Newton’s Law of Cooling 
Assume: Geometry is two panes of glass with an intermediary airspace, The airspace only 
conducts 
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Result: 300 BTU/hr. This is about 15 % of the heat loss specified through the viewport 
 
Figure 95.View Port Conduction 
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Description: If you pass radiation in the visible spectrum, how much heat is transferred via 
radiation? 
Method: Spectral Emission Theory 
Result: about 0 
 
Description: How far away does instrumentation need to be away from the unit? 
Method: Free Convection boundary layer model 
Result: 0.8 in 
 
Figure 96.Radiation Band Pass and Boundary Layer Thickness 
 
Description: How much energy do we lose to radiation? 
Method: Stephan Boltzmann Law 
Assume: Black body emission (Should over estimate) 
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Result: 5102 BTU/hr 
 
 
Figure 97.Radiation Transport Through Viewport 
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Figure 98.Shear Modulus Dependence on Temperature 
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Figure 99.Thermal Expansion of Viewport 
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APPENDIX E—HARDWARE & SPEC SHEETS 
CAMERA SYSTEM 
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Specifications  
TV System 
Camera Image Sensor  
Effective Pixels Scanning Mode Scanning Area Minimum Illumination  
White Balance Light Control Mode  
Shutter Speed  
Wide Dynamic Range Face Wide Dynamic Range Adaptive Black Stretch AGC  
Electronic Sensitivity UP Simple Day/Night Mode Digital Noise Reduction Video Motion Detection Privacy Zone  
VIQS 
Camera Title (OSD) Focus Adjustment  
Browser Camera Control GUI Display Mode  
Digital Zoom Camera Title Clock Display Alarm Control One Shot Capture Audio  
SD Memory Data Download GUI/Setup Menu Language System Log  
Supported OS  
Supported Browser  
NTSC PAL  
1/3 type MOS Sensor 
Approx. 1.3 megapixel 
Progressive scan 
4.8 mm (H) x 3.6 mm (V) {3/16 inches (H) x 5/32 inches (V)} Color: 0.3 lx, B/W: 0.2 lx at F1.4 (Shutter: 1/30 s, AGC: High), Color: 0.019 lx, B/W: 0.013 lx at F1.4 (Shutter: 16/30 s, AGC: High) AWC 
(2,000 ~ 10,000 K), ATW1 (2,700 ~ 6,000 K), ATW2 (2,000 ~ 6,000 K) Outdoor : Automatic integration of ALC and ELC  
Indoor [50 Hz]: Automatic integration of ALC and ELC (up to 1/100 s) Indoor [60 Hz]: Automatic integration of ALC and ELC (up to 1/120 s) ELC: (up to 1/10,000 s) 
Fix shutter: OFF (1/30), 3/100, 3/120, 2/100, 2/120, 1/100, 1/120, 1/250, 1/500, 1/1,000, 1/2,000,  
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Pan Head 
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Top Camera Mount 
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Side Camera Mount 
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LEAK DETECTION SYSTEM 
LACO MiniTracer Helium Detector 
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Calibrated Helium Leak 
Part Number: CM51M-4101FAG/1 
• Leak Rate: Mid 10-4 atmcc/sec 
• Leak Element: Micro-Tube Capillary 
• Gas: Helium (100%) 
• # of Cal Pts: 1 (Additonal cal points available upon request) 
• Reservoir Style: Laco Reservoir (115 cc) 
• Est. Depletion Rate: 12%/week 
• Isolation Valve: None 
• Outlet Connection: Sniffer Adapter, 
• Outlet Pressure: Atmosphere 
• Gauge: Pressure Gauge with refill valve 
• Application: Sniffer Leak Detector Calibration, Refillable leak 
standard 
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FLAME IMPINGEMENT SYSTEM 
 
Figure 100: Exploded View of Motion System 
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Assembly Components  
 
 
 
 
 
 
 
Slide Actuator 
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Controller 
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MB1 Mounting Bracket 
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GAS ASSEMBLY 
Propane Tank 
 
 
The Cylinder to Regulator Adaptor 
 
Propane tank to Hose Adapter 
 
9/16 Line to ¼ pipe 
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Propane Regulator 
 
 
 
 
 
ELECTRIC ASSEMBLY 
Igniter (dimensions in mm) 
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APPENDIX F—TEST PROCEDURES 
To ensure safe operation of the system when testing filters, this step by step checklist 
will be followed during each test run to prevent oversight of safety measures.   
1. Ensure System Fully “OFF” 
• Ensure That the HTTU is not plugged into the 480V receptacle on the 
engines lab wall 
• Ensure the receptacle cover is closed and the throw switch is in the off 
position 
• Ensure that all circuit breakers on the cart are in the off position and the 
panel door is closed 
 
2. System Inspection Checklist 
• System Inspection 
o Inspect cart and strut mounted components ensure there are no loose 
bolts or conduit. 
o Ensure the carts wheels are in the locked position 
o Check gaskets between duct sections for damage 
o Clear HTTU and test area of all tools and tripping hazards 
o Inspect the exhaust system, ensure it is correctly interfaced with the house 
exhaust system 
o Check the main power cord for damage 
• Test Preparation 
o Ensure the filter is securely mounted in the ducting 
o  Remove protective caps from end of pitot tubes 
o Attach all compressed air lines using Teflon tape check each connection 
o Ensure that all compressed air valves entering and exiting the manifold 
are in the open position 
o Main 2” Valve 
o Heater valve 1 
o Heater valve 2 
o Heater valve 3 
o Remove protective cap from the burst disk stack 
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2.a. Leak Detection System Setup 
o Connect helium line (green) to intake manifold. Ensure valve on manifold is in the 
open position. 
o Connect power cord (also green) to valve manifold. 
o Plug in valve manifold control box. 
o Make sure power is ON (red switch). 
o Open channel 10 (atmosphere) and close all others. 
o Plug Varian 979 Leak Detector into wall outlet. Do not use extension cord. 
o Start up leak detector via the power switch on the rear panel. 
o Wait for display to read ‘SYSTEM READY’. 
o Press the TEST key and wait for display to read ‘GROSS LEAK’ 
o Press the CALIBRATE key and allow system to calibrate. Leak rate should 
read zero. 
o Connect the air line (black) to the detector using a barbed fitting. Make sure 
tubing is free of oil and debris. 
 
At this point the filter has been installed into the completely shutdown system the next 
step is to inspect the system to ensure it is ready for testing. 
If the inspections reveal any faults in the system the test is a No Go; repair any 
damaged parts. In the case of electrical component damage a re-inspection of the 
device by an electrical AHJ is required. 
 
3. System Startup and Operation 
• Startup control system and prepare to interface with the HTTU 
• Confirm correct operation and control of the solid state relays for all heaters 
• Check thermocouple readings to ensure we are getting good data 
• Switch the circuit breakers for the heaters used in the test to the ON Position 
• Switch the breakers for the heaters to be used in the test to the on position, 
and the main breaker to the ON position and close panel door. 
• Panel door is to remain UNLOCKED during tests for emergency access. 
• Startup Exhaust Fan 
• Plug test unit into the wall receptacle and switch the receptacle to the on 
position. 
• The system is now ARMED the 10’ Barrier and exclusion zone should now be 
closed, no one is allowed into the zone until the after the test has concluded 
and the system has cooled down. 
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• Run the test  
• After the test is complete shutdown the heaters and continue to run 
approximately 90-100 SCFM of air through the unit for at least 15-20 min. 
• After test is completed Switch the receptacle to the OFF position and unplug 
power cord,  
• Once the temperature of the outside of the duct reaches 180F it is safe to 
approach the HTTU 
3.a. Leak Detection Test Procedure 
o Ensure leak detection system is set up as described above. 
o Ensure HTTU is running at the desired flow-rate and temperature, and is at 
steady state. 
o Record the ambient temperature, filter face temperature, HTTU flow rate, and 
start time. 
o Ensure that channel 10 (atmosphere) is open, and zero the leak detector. 
o Open valve on helium tank and record helium flow rate in cfh. Helium is in short 
supply. Attempt to execute test procedure as quickly as possible to 
conserve helium. The current cylinder (size 60) will last roughly 30 minutes 
at the full flow rate. 
o Test the upstream concentration and individual leak locations: 
o Press the TEST button on the leak detector. 
o Open channel 9 (upstream) and ensure all other channels are closed. 
o Wait for a steady reading on the leak detector (Current estimate is less 
than 10 seconds) and record it. 
o Press the HOLD button on the leak detector. 
o Repeat the above steps for channels 1 – 10 in order, with a final reading 
on channel 10 for atmospheric concentration. 
o Immediately shut valve on helium tank. 
o Record test end time. Note any changes in HTTU flow rate or temperature during 
the test. 
o Make sure channel 10 is open, and place the Varian 979 in VENT mode. 
o Disconnect air tube and shut off helium detector via the power switch on the rear 
panel. 
 
The exclusion zone is now safe and you may enter. 
• Switch all breakers on the cart to the OFF position and Lock panel door 
• Carefully coil the power cord and place it on the carts cable hook 
• Shut off the Compressed air main valve 
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• Replace protective cap to burst disk stack 
• Save data acquired on the control computer and shutdown. 
 
Safety Considerations 
Because of the potentially hazardous nature of this project many steps and 
contingencies were considered in order to minimize any potential danger to the 
operators of the HTTU. Some of them include 
• The step by step safety checklist detailed above 
• Eye protection will be used at all time when setting up and running the HTTU 
• The electrical system will be inspected both my LLNL personnel and the facility 
electrician prior to use.  In addition the electrician is the only one with the key to 
unlock the 480V 60AMP plug box the system as a safeguard that an electrician 
will be present at the time of testing 
• The previously discussed 10’ barrier around the apparatus to ensure no one can 
get burned by the device 
• A pressure relief burst disk in the system ensures that if the exhaust system 
somehow becomes obstructed the ducting system will not become a pressure 
vessel 
• Other considerations are pending, to be determined by as-built specifications. 
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System
Estimated 
Cost Actual Cost to Date
Leak Detection  $    4,678.12  $                      2,965.27 
Flame Impingement  $    1,103.62  $                      1,376.96 
Camera System  $    1,855.77  $                      2,040.44 
Viewing Ports  $       886.08  $                         586.08 
General Upgrades / Expenses  $    2,863.36  $                         872.32 
GRAND TOTAL  $  11,386.95  $                      7,841.07 
HiTop HTTU Upgrade Final Budget
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Item Description Quantity Supplier Part Number Price
Estimated 
Total  Paid 
Helium Detector LACO MiniTracer 1 LACO Technologies LHHLD-1000 $1,850.00 $1,850.00
Helium Cylinder & Flow Meter Size 60, Balloon Grade Helium, Flow Meter 1 Airgas SLO HE 80 $109.00 $109.00  $       240.82 
Gas Regulator Standard Duty, Single Stage 1 McMaster-Carr 7897A65 $113.29 $113.29  $       113.29 
Welding Hose 1/4" ID, 25' 1 McMaster-Carr 7915A36 $27.28 $27.28  $         27.28 
Hose Fitting 1/4" NPT to 9/16"-18 1 McMaster-Carr 79215A1 $1.19 $1.19  $           1.19 
Inline Reducing Tee 2" X 1/2" X 2" Brass 1 McMaster-Carr 4429K389 $94.13 $94.13
Inline Reducing Tee 2" X 1/2" X 2" Galvanized Iron 1 McMaster-Carr 4638K276  $         26.18 
Reducer Bushing 1/2" Male X 1/4" Female 1 McMaster-Carr 4429K422 $2.30 $2.30  $           2.30 
Pipe Nipple Fully Threaded, 2" length 1 McMaster-Carr 4568K281 $14.56 $14.56
Pipe Nipple Fully Threaded, 2" length, Steel 1 McMaster-Carr 44615K419  $           3.20 
Pipe Cap 2", to protect threads on inlet 1 McMaster-Carr 44605K657  $           6.57 
Pipe Cap 2-1/2" plastic, to protect threads on inlet 1 McMaster-Carr 4880K808  $           3.19 
Pipe Cap 3" to protect threads on inlet 1 McMaster-Carr 4880K57  $           3.19 
Stainless Steel Bar Stock 3/16" x 1-1/4" x 36", for clamp mounts 1 McMaster-Carr 8992K183  $         18.02 
Machine Screws
10-32 Pan Head, 1/2" length, for mounting 
manifold. Pkg 25 1 McMaster-Carr 91735A829  $           4.98 
Machine Screws
10-24 x 5/8" truss head, for clamp mounts. 
Pkg 100 1 McMaster-Carr 91770A244  $         10.06 
Calibrated Leak 10^-4 atm*cc/sec 1 LACO Technologies CM51M-4101FAG/1 $675.00 $675.00
Valve Manifold Create-aManifold Solenoid Valves 10 McMaster-Carr  3830T41 $76.34 $763.40  $       686.20 
Threaded Rod 6-32 thread, for connecting manifolds 1 McMaster-Carr 98804A007  $           1.45 
Locknuts 6-32 thread, for connecting manifolds McMaster-Carr 91831A007  $           4.59 
Stainless Steel Tubing
Type 304 Smooth Bore, sold in 6 foot 
lengths 4 McMaster-Carr 89895K23 $18.43 $73.72
Tube Fittings
Type 316 Stainless Compression, 1/4 
straight. 8 McMaster-Carr  52245K613 $13.70 $109.60
Couplings Stainless, 1/8 pipe size 10 McMaster-Carr 4464K351  $         28.60 
Pipe Nipples Stainless, 2" length, 1/8 pipe size 10 McMaster-Carr 9157K39  $         17.50 
Pipe Nipples Stainless, 3" length, both sides threaded 10 McMaster-Carr 4830K115  $         25.40 
Pipe Nipple Stainless, 1/4 x 8", for upstream sample 1 McMaster-Carr 4830K139  $           6.86 
Reducing Coupling 1/4 x 1/8, for upstream sample 1 McMaster-Carr 4464K519  $           4.21 
Elbows 1/8 size, for collectors 10 McMaster-Carr 4464K11  $         49.00 
Tube Adaptors
1/4 compression to 1/8" NPT male, for 
adapting to manifold. 10 McMaster-Carr 52245K531 $8.87 $88.70
Flexible Tubing NSF 51 Black Polypropylene. Sold per foot. 50 McMaster-Carr 9349T2 $0.43 $21.50
High Temperature Silicon Tubing 1/4" ID, 3/8" OD, per foot 75 McMaster-Carr 51135K212  $         81.00 
Stainless Barbed Tube Fittings 1/4" ID x 1/8" Male 10 McMaster-Carr 5760K86  $         35.00 
Brass Barbed Tube Fittings 1/4" ID x 1/8" Male 12 McMaster-Carr 44555K131  $         25.32 
Brass Plug 1/8, for solenoid valves 2 McMaster-Carr 4429K311  $           2.28 
LEAK DETECTION SYSTEM
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Spring Hose & Tube Clamps
For 3/8" Hose OD & Barbed Fittings. Pkg 
50 1 McMaster-Carr 5324K83  $           9.52 
Ball Valve Brass, 1/4" NPT, for Helium Input Port 1 McMaster-Carr 47865K41  $           9.67 
Multiconductor Cable
Continuous Flex, 20/12 AWG, 300 VAC. 
Per ft 25 McMaster-Carr 7673K22  $         72.50 
Push-In Connector 12 pole, 6" leads, for manifold wiring 1 McMaster-Carr 9552T65  $         20.93 
Toggle Switches SPST, Screw Terminal 12 McMaster-Carr 7343K184  $         68.64 
Terminal Block 12 circuits, 3/8" center, 20 A 3 McMaster-Carr 7527K53  $         14.37 
Cover for Terminal Block 3 McMaster-Carr 7527K836  $           9.72 
Marker Strip for Terminal Block 3 McMaster-Carr 7527K161  $           5.40 
Jumpers for Terminal Blocks Pkg 25 2 McMaster-Carr 7527K59  $           9.10 
Butt Splices Pkg 50 1 McMaster-Carr 7227K22  $         10.00 
Rocker Switch SPST, Illuminated, main switch for mainfold 1 McMaster-Carr 7395K45  $           5.12 
Power Cord 3 Conductor, 8' Length, 18/3 AWG 1 McMaster-Carr 70355K72  $           4.21 
Fuses 1/4" Diameter, Time Delay, 1 A 4 McMaster-Carr 71385K515  $         10.76 
Fuse Block 1 McMaster-Carr 7687K11  $           1.00 
Clamps for Seal Test Jigs De-Sta-Co 325 8 Reid Supply TC-325  $       224.24 
Clamps for Duct Modules De-Sta-Co 345 4 Reid Supply TC-345  $       266.80 
Thread Sealant Tape 1/4" width 2 McMaster-Carr 4591K11  $           3.72 
Thread Sealant Tape 1/2" width 2 McMaster-Carr 4591K12  $           4.62 
High Temperature Thread Sealant Rated to 1175 F, 4 oz tube 1 McMaster-Carr 1965K1  $         51.01 
High Temperature Antiseize 
Lubricant Bostik Never-Seez, 4 oz 1 McMaster-Carr 1820K22  $         12.82 
Gasket for Test Jigs Silica Sleeving, Rated to 1800 F. Per Foot 12 McMaster-Carr 8829K81  $         45.60 
Hex Screws 5/16-18 x 1.5", for module clamps. Pkg 10 1 McMaster-Carr 92186A587  $           6.32 
Hex Nuts 5/16-18, for module clamps. Pkg 25 1 McMaster-Carr 94819A046  $           6.83 
Flat Washers 5/16, for module clamps. Pkg 100 1 McMaster-Carr 9214A030  $           5.10 
Flat Washers 1/2", for control box. Pkg. 25 1 McMaster-Carr 96765A160  $           6.93 
Cylinder Straps To hold helium and propane tanks 2 McMaster-Carr 2283T22  $         52.24 
Strut Channel Trolleys For moving downstream module 4 McMaster-Carr 3626T15  $         70.28 
Vacuum Fitting
1" tube, 1/4" NPT female pipe adaptor. 
Interface to Varian 979 1 McMaster-Carr 4518K49  $         23.25 
Barbed Fitting 1/4" tube, 1/4" NPT male 1 McMaster-Carr 5670K84  $           3.31 
Needle Valve Control test port pressure on varian 979 1 McMaster-Carr 4995K13  $         27.30 
Hex Nipple Connection for needle valve, 1/4 NPT 1 McMaster-Carr 5485K22  $           2.30 
Steel Handles For front of unit, to pull modules apart. 2 McMaster-Carr  $         14.92 
Cap Screws 1/4" x 20, 5/8" length, for trolleys. Pkg 50 1 McMaster-Carr 92949A539  $           6.64 
Sheet Metal for Collectors 304 Stainless Steel, 12 x 48 sheet, 14 gage 1 onlinemetals.com $60.92 $60.92
Sheet Metal for Flanges 304 Stainless, 0.25", 14 x 24 inches 1 onlinemetals.com $248.64 $248.64
Sheet Metal for Flanges 304 Stainless, 0.25" x 2" x 12' 1 B&B Steel and Supply  $         42.00 
Sheet Metal for Seal Test Modules 304 Stainless, 14 gage, 12 x 48 inches 1 onlinemetals.com $60.92 $60.92
Sheet Metal for Seal Test Modules 304 Stainless, 12 gage, 12 x 36 inches 1 onlinemetals.com $63.97 $63.97
Page 3 of 9
Final Budget
Revised 6/12/13
Sheet Metal for Seal Test Modules 
and Collectors 304 Stainless, 14 gauge, 4' x 4' 1 B&B Steel and Supply  $       125.00 
Sheet Metal for Control Box / 
Collectors 304 Stainless, 20 gauge, 4' x 1' 1 B&B Steel and Supply  $         25.00 
SUBTOTAL $4,378.12
Additional Hardware $150.00
Shipping and Sales Tax Invoice Date Invoice # Vendor Tax Shipping $150.00
3/5/2013 47344613 McMaster-Carr  $                   26.85  $       12.10  $         38.95 
4/8/2013 49524452 McMaster-Carr  $                     0.26  $         4.83  $           5.09 
4/5/2013 49437795 McMaster-Carr  $                   33.86  $         6.77  $         40.63 
4/12/2013 424753 B&B Steel and Supply  $                   15.84  $             -    $         15.84 
3/5/2013 4661918 Reid Supply  $                         -    $       17.49  $         17.49 
4/24/2013 4690172 Reid Supply  $                         -    $       19.08  $         19.08 
4/22/2013 50408078 McMaster-Carr  $                   54.90  $         6.15  $         61.05 
4/24/2013 50619901 McMaster-Carr  $                   29.40  $         7.35  $         36.75 
5/15/2013 51942725 McMaster-Carr  $                   11.92  $         6.57  $         18.49 
5/22/2013 52356058 McMaster-Carr  $                     2.22  $         4.83  $           7.05 
Totals  $                 175.25  $       85.17 
LEAK DETECTION TOAL $4,678.12  $    2,965.27 
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Item Description Quantity Supplier Part Number Price
Estimated 
Total  Paid 
Motion Assembly
Linear Actuators
25" Stroke Mini Track Actuator 2" / Sec 
speed and 35lbs Force 2 robotshop.com
RB-Fra-127 (FA-35-
TR)  $     160.00  $       320.00  $       495.85 
Controller (has muliple channels) Pre-designed controller 1 firgelliauto.com 4CH-RC  $       65.00  $         65.00  $         65.00 
Mounting Brackets
set of two brackets an 4 screws (5.1mm 
bores to attach to other parts) 2 firgelliauto.com MB9  $         7.00  $         14.00  $         14.00 
Mounting Brackets Ends Brackets for ends of slides 10 mm bores 2 firgelliauto.com MB1  $         7.00  $         14.00  $         14.00 
Steel Plate(vert to inout)
2 in by 2 in (will bore 2 mm holes, 2 10 mm 
holes) need to pick threading 1  $               -   
10 mm D bolts/screws 2  $               -   
U-Bolts Stainless Steel U-Bolts 2 McMaster-Carr 8896T93  $         3.00  $           6.00 
Connecting Plate 1 1/8 inch plate 1 McMaster-Carr 8992K291  $       21.10  $         21.10 
Connecting Plate 2 1  $               -   
Fasteners
5 90116A305 Metric 316 Stainless Steel 
Pan Head Phillips MachineScrew, M6 Size, 
10MM Length, 1MM Pitch, packs of 25 1 McMaster-Carr 90116A305  $           5.97 
Type 304 Stainless Steel U-Bolt, with Plate, 
1/4"-20 X 3/4" L Thread, for 9/16" OD, 435# 
Work Load Limit 2 2 8896T93  $         3.11  $           6.22  $           6.22 
Multipurpose Aluminum (Alloy 6061), 1 McMaster-Carr 8975K891  $         7.89  $           7.89  $           7.89 
Aluminum Inch T-Slotted Framing 2 McMaster-Carr 47065T223  $         3.98  $           7.96  $           7.96 
Plain Steel Square Head Low Strength Bolt, 
1/2"-13 1 McMaster-Carr 91465A173  $         6.03  $           6.03  $           6.03 
Steel Hex Nut, 1/2"-13 1 McMaster-Carr 94804A340  $         4.67  $           4.67  $           4.67 
Square Head Low Strength Bolt, 1/4"-20 1 McMaster-Carr 91465A101  $         5.11  $           5.11  $           5.11 
Square Head Low Strength Bolt, 3/8"-16 1 McMaster-Carr 91465A134  $         4.31  $           4.31  $           4.31 
Steel Hex Nut, 3/8"-16 1 McMaster-Carr 92673A125  $         3.87  $           3.87  $           3.87 
Conductor Wire, UL 1007/1569, 18 AWG. 
Price per 100 ft 0.25 McMaster-Carr 7587K951  $       17.28  $           4.32  $           4.32 
Square Head Low Strength Bolt, 3/8"-16 1 McMaster-Carr 91465A134  $         4.31  $           4.31  $           4.31 
Round-Base Weld Nut, 3/8"-16 1 McMaster-Carr 90596A031  $         7.69  $           7.69  $           7.69 
High-Strength Aluminum (Alloy 2024), 3" 
Diameter, 1/2" Long 2 McMaster-Carr 9034K11  $       10.86  $         21.72  $         21.72 
Gas Assembly  $               -   
Outer Line
1/4 In. X 10 Ft Propane Hose, 1/4 MPT-
FPT Fittings 1 McMaster-Carr  $       26.00  $         26.00  $         27.28 
FLAME IMPINGEMENT SYSTEM
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Inner Line Alternate
36 inch stainless steel pipe threaded both 
sides NPT McMaster-Carr  $       12.80  $               -    $         24.41 
Aluminum Bearing  $          12.78 
Aluminum Housing
Multipurpose Aluminum (Alloy 6061),  1/2" 
Thick, 4" 8975K429   $          19.05 
Brass Bearing
Ultra Machinable Brass (Alloy 360),  1‐1/2"  
Diameter, 1' McMaster‐Carr 8953K171   $          74.25 
InnerLine
24 inch stainless steel pipe threaded both 
sides NPT 1 McMaster-Carr 4499K11  $         9.00  $           9.00 
Regulator 0-30 psi adjustable regulator 1 bayouclassicdepot.com 7850  $       25.00  $         25.00  $        117.82 
Propane tank 20 lb tank 1 McMaster-Carr 79955A36  $       46.00  $         46.00  $          77.79 
Propane Tank-to-Hose Adapter 1 McMaster-Carr 7976A21  $         8.73  $           8.73  $           8.73 
For Fuel Gas–Regulator to Hose 1 McMaster-Carr 7919A53  $         8.47  $           8.47 
Flashback Arestor 78335A22 1 McMaster-Carr 40.17  $               -    $         40.17 
Flexible Tubing Bend‐and‐Stay Hose for Compressed Air 1 McMaster‐Carr 7818K232  $        58.00   $          58.00   $                 ‐   
Nipple 1/4 to 3/8
Thk‐Wall Smooth‐Flow Thrd Reduce Pipe 
Nipple 3/8 X 1/4 Pipe Size X 2‐1/2" Length 2 McMaster‐Carr 4464K12  $          5.00   $          10.00 
Converging Tip McMaster‐Carr 7768K62 8.37$             
Nipple McMaster‐Carr 1.50$             
Brass Check Valve Medium‐Pressure  McMaster‐Carr 11.02$           
NPT Threaded  Brass Flow‐Control Orifice McMaster‐Carr 2712T45 10.82$           
NPT Threaded  Brass Flow‐Control Orifice McMaster‐Carr 2712T45 10.82$           
Aluminum (Alloy 6061),  90 Degree Angle, 1/16" McMaster‐Carr 8982K391 4.63$             
stainless steel  $               -    $           9.80 
Ignition System  $               -   
igniter 1 crystaltechnica ML6-10-MTSI  $       25.67  $         25.67  $         39.91 
High Temp butt splices McMaster‐Carr  $            7.70 
Wires 10 daburn #2498  $         5.48  $         54.80 $68.55 
Battery 1 1000bulbs UPG D5733 ‐ UB645  $          5.00   $            5.00 
Battery McMaster-Carr  $          12.07 
Pipe Fitting for wire access  For wire access 1 McMaster-Carr 48805K86 $13.83 $13.83
Switch (single pull single throw) 1 gatzies GSW-125  $         2.75  $           2.75  $          11.44 
SUBTOTAL  $       803.62 
Additional Hardware $150.00
Shipping Costs $150.00  $         85.30 
FLAME IMPINGEMENT TOTAL $1,103.62  $    1,376.96 
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Item Description Quantity Supplier Part Number Price
Estimated 
Total  Paid 
Steel Frames/Plates Stainless Steel Top Frames12" x 24" 4 B & B Steel $24.90  $         99.59  $         99.59 
Rope Gaskets
Silica Flange Mount Seal 3/8" Bulb 
Diameter, 1-1/2" Overall Width, 10 ft. 
Length 1 McMaster-Carr $71.50  $         71.50  $         71.50 
Rope Gaskets
Silica Flange Mount Seal 3/8" Bulb 
Diameter,
1-1/2" Overall Width, 5 ft. Length 1 McMaster-Carr $38.96  $         38.96  $         38.96 
Bolts
18-8 Stainless Steel Hex Head Cap Screw, 
1/4-20 Thread, 2-1/2" Length Pack of 25 2 McMaster-Carr $7.99  $         15.98  $         15.98 
Bolts
18-8 Stainless Steel Hex Head Cap Screw, 
1/4"-20 Thread, 2" Length, Packs of 25 2 McMaster-Carr 92186A550 $7.56  $         15.12  $         15.12 
Washers
18-8 Stainless Steel General Purpose Flat 
Washer, 1/4" Screw Size, 5/8" OD, .04"-
.06" Thick, Packs of 100 1 $4.16  $           4.16  $           4.16 
Viewing Glass
4 Retail Glass Width: 10" 0``, Height: 6" 0``, 
Comments: 3/16" thickness > Rectangular 
(Pyroceram) 4
Fireplace-
woodstoveglass.com $35.56  $       142.24  $       142.24 
Cement Autostic 4lb can high temperature cement 2 $35.40  $         70.80  $         70.80 
Prototype Parts 12" x 24" S.S. Sheet 1 onlinemetals.com $62.82  $         62.82  $         62.82 
two foot 1/2" x 1" rect. tube 1 onlinemetals.com $10.10  $         10.10  $         10.10 
Heat-Resistant Glass Ceramic, .197"  
Thick, 5"  X 5" 4 McMaster-Carr $12.86  $         51.44  $         51.44 
18-8 Stainless Steel General Purpose Flat 
Washer, 1/4"
Screw Size, 5/8" OD. Pkg 100 1 McMaster-Carr $3.37  $           3.37  $           3.37 
SUBTOTAL  $       586.08 
Additional Hardware $150.00
Shipping Costs $150.00
VIEW PORTS TOTAL $886.08  $       586.08 
VIEWING PORT
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Item Description Quantity Supplier Part Number Price
Estimated 
Total  Paid 
1" T-Slotted Framing (2 Ft) Bought 1x2ft and 1x4ft 5 McMaster-Carr 47065T701  $         8.35  $         41.75  $         28.14 
1" T-Slotted Framing (4 ft) 1 McMaster-Carr 47065T101  $       14.20  $         14.20  $         14.20 
1" 90˚ Braces 4 McMaster-Carr 47065T175  $         4.56  $         18.24  $         18.24 
1" 90˚ Braces Only bought 6 8 McMaster-Carr 47065T216  $         5.51  $         44.08  $         33.06 
6" Heavy Duty Bracing Did not puchase 2 McMaster-Carr 47065T186  $       15.67  $         31.34  $               -   
1" Tube Holder 4 McMaster-Carr 47065T205  $       34.10  $       136.40  $       136.40 
1" OD Framing Pipe (2 Ft) 2 McMaster-Carr 4699T27  $         6.89  $         13.78  $         13.79 
Tee, Single, 5-Hole, for 1" 
Extrusion Not in original proposal 2 McMaster-Carr 47065T182  $         15.16 
Floor Mounting Bracket Not in original proposal 4 McMaster-Carr 47065T65  $         34.88 
End Feed Fasteners (4 pack) 2 McMaster-Carr 47065T139  $           3.70 
End Feed Fasteners (4 pack) Only bought 6 7 McMaster-Carr 47065T142  $         2.30  $         16.10  $         13.80 
 $       315.89 
Pansonic WV-SP305 2 B&H Photovideo WV-SP305  $     499.99  $       999.98  $       919.19 
Bescor Pan/Tilt Mount 2 B&H Photovideo MP-101  $     129.99  $       259.98  $       259.90 
Cabling See below 1 B&H Photovideo  $     100.00  $       100.00  $               -   
Bescor Power Supply 2 B&H Photovideo PS-260  $       16.50  $         33.00 
Extension For Bescor Remotes 20 feet 2 B&H Photovideo RE-20  $       14.95  $         29.90 
Ethernet Power Injector 2 B&H Photovideo TL-POE150S  $       18.98  $         37.96 
10 Watt LED Mini Auxilary Light 2 Superbright LEDs AUX-10W-SxB  $       34.95  $         69.90 
Ethernet Cables 1x 16 ft, and 2x 5ft 3 NewEgg.com  $         19.03 
Memory Cards 2 NewEgg.com  $       10.99  $         21.98 
Lens: Spacecom 2 B&H Photovideo SPTAV2812DCI  $     129.95  $       259.90 
 $    1,675.85 
 $       167.59 
 $         57.66 
 $         12.33  $         20.65 
TOTAL CAMERA BUDGET  $    1,855.77  $    2,040.44 
10% Contingencies
Sales Tax
CAMERA SYSTEM
FRAME SUBTOTAL
Subtotal
Shipping 
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Item Description Quantity Supplier Part Number
Estimated 
Total  Paid 
Casters
8" rubber wheels, 310 lb capacity. Pivot w/ 
Brakes 4 McMaster-Carr 22925T29  $       68.10  $       272.40  $       284.37 
Gemcolite Insulation
Insulate areas where upgrades interfere 
with current insulation. Cost per ft^2 16
Refractory Specialties 
Incorporated FG21-108  $         7.81  $       124.96  $               -   
Test Supervision
Jim Gerhardt or other technician must be 
on hand during tests. Cost per hour. 40 Cal Poly  $       36.65  $    1,466.00  $               -   
Travel For team CDR or other meetings 1 Cal Poly -  $  1,000.00  $    1,000.00 
Blair Frandeen (CDR) 1 Cal Poly -  $         70.54 
Will Schill (CDR) 1 Cal Poly -  $       213.64 
Will Schill (Helium Detector Pick-up) 1 Cal Poly -  $       213.64 
Erick Shewmaker (CDR) 1 Cal Poly -  $         90.13 
Joshua Turgeon (CDR) 1 Cal Poly -  $               -   
TOTAL GENERAL BUDGET  $    2,863.36  $       872.32 
GENERAL UPGRADES / EXPENSES
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